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ABSTRACT
The present study involved the parametric analysis of bolted flange 
connections of eighteen different circular monopoles. The parameters 
considered were the number of bolts (8 , 6 , and 4) and thickness of flange 
plate [25.4 mm (1.0 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.)]. 
These were analyzed under stiffened and unstiffened conditions. Four, 
two and four stiffeners, 12.7 mm (0.50 in.) thick, were used with 8 -, 6 - and 
4-bolt arrangements. Each finite element model is made up of a small 
diameter (171.5 mm) circular pipe and a large diameter (327 mm) circular 
pipe both welded to circular flanges. The outer and inner diameters of the 
flange plates were 327 mm and 171.5 mm respectively. Each bolt was
25.4 mm (1 in.) diameter and was pretensioned to 227 kN (51 kips); and 
an external load of 45 kN (10 kips) was applied at the free end of the 
monopole, 1804 mm (71 in.) from the bolted joint, in the Riks analysis load 
step of ABAQUS (version 6.3) computer program. From the finite element 
analysis, it was found that monopoles ( 8  bolts, 6  bolts and 4 bolts) with 
unstiffened 12.7 mm (0.50 in.) thick flange plates experienced a large 
deformation because of the thin flange plate. Optimum solutions to 
stiffened and unstiffened connections were found to be among those 
monopoles with minimal gap, deflection and deformation, i.e., 25.4 mm (1 
in.) thick flanges with 4 bolts or 19.05 mm (0.75 in.) thick flanges with 6  
bolts for unstiffened case; and 12.7 mm (0.50 in.) thick flanges with 8
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
bolts, 25.4 mm (1 in.) thick flanges with 4 bolts or 19.05 mm (0.75 in.) thick 
flanges with 6  bolts for stiffened case.
In addition to the parametric study, T-Stub and yield line analytical 
procedures were also presented with examples; and it was found that the 
analytical methods provide good preliminary guidance regarding 
connection parameters when designing bolted flange connections for 
circular monopoles.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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NOTATION
Ab Gross area of one bolt
a Distance from bolt line to edge of tee flange
a' Edge distance
b Distance from bolt line (gauge line) to face of tee stem
b' Edge distance
BC Bolt circle diameter
bfi Width of flange in tension
Ca Section modulus
D Nominal bolt diameter
DB Diameter at bottom of post
d Bolt diameter
d' Nominal hole diameter
&2, ©1 Edge distances
fb Computed bending stress
Fb' U Tensile strength of the bolt material
Fu Tensile strength of plate material
Fy Yield strength of flange material
fy.p Yield strength of the flange plate material
3̂ Parameter as defined in Figure B-1 in Appendix B
h Height of the section
K Parameter defined in CISC Handbook of Steel Construction
XXV
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K-i Stiffness
Ki, K2 Endplate constants
ki, k2, k3 Parameters for computing f3
L Side length of square base plate
M Number of shear planes, moment at the post base due to the
design load, moment 
Mi Starting value of connection moment to which curve is fitted
M0 Reference moment
Mn°rm Normalized moment
N_i The second to the last data point
N The last data point
Nj,sd Axial tensile force
n Number of flange bolts in tension, shape parameter of M -0
curve
Pf Tensile force in high strength bolt, applied factored tensile
load per bolt
p Length of flange tributary to each bolt, or bolt pitch
Q Prying force per bolt at factored load
R Prying force
n, r2, r3 Radii on flange plate
t Thickness of flange, plate thickness
T Thickness of base plate
Tf Factored load per bolt including prying
x x v i
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Tr Factored tensile resistance of bolts
Tu Ultimate design tensile resistance of a high strength bolt
tf| Thickness of the flange in tension
tw Thickness of the web
VM0 Partial safety factor
a Empirical coefficient for an equivalent section modulus, ratio
of sagging moment at bolt line to hogging moment at stem of 
tee
5 Ratio of net to gross flange area along a longitudinal line of
bolts
<£>-, Starting value of connection rotation to which curve is fitted
O Resistance factor for the tee material
o r  Stress at the flange in tension
oc Stress at the flange in compression
0 3 3  Longitudinal stress
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Connections play an important role in the distribution of load in steel 
structures. The major function of these connections is to transfer the 
applied loads from one part of the structure to another. Connections are 
particularly useful in extending the lengths of communication towers, 
monopoles, and traffic-light poles and so on.
Bolted connections are popular in steel structures due to their low cost 
and the simplicity of fabrication. The design and optimization of bolted 
connections is often a complicated procedure due to the unique nature of 
most connection problems (that is, no two connections are exactly the 
same). Nowadays, designers make effort to carry out complete evaluation 
of bolted joints, so as to determine their behaviour under various load 
conditions.
One of the most common methods of accomplishing a bolted moment 
connection is to use the extended end-plate connection (Choi and Chung, 
1996), and its popularity was attributed to the fact that it involves fewer 
pieces in the field than other types of bolted connections.
1
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Figure 1.1: Illustration of Tensile (upper sketch) and Shear (lower
sketch) joints (reproduced from Bickford 1995).
Connections for circular monopoles (self-supporting tubular steel towers) 
are designed to resist the moment generated as a result of the horizontal 
loading effect on tall poles. The strength of the connection depends to a 
large extent on the design efficiency. A well designed monopole 
connection is expected to provide adequate support for wind load, self­
weight (dead load) and other relevant loads. Bolted connections are 
sometimes classified as shear or tensile, depending on the type of forces 
the connections are subjected to. It is also possible to have a combination 
of shear and tensile forces acting on a connection. Figure 1.1 illustrates 
the distinction between tensile and shear joints.
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1.2 Research significance
In the design of monopole bolted connections, flanges (plates) are 
normally welded to the pipes that are to be joined, so as to make bolted 
connection possible. There is little research carried out on monopole 
flange connections. In most cases, the connections are over-designed 
due to lack of better understanding of their behaviour.
Designers usually rely on their experience and available empirical design 
rules from other connection types when designing monopole flange 
connections. As a result, they try to make provisions for the uncertainties 
involved. These provisions in real life may result in either excessive or 
inadequate number of bolts, flange thicknesses and other design 
parameters.
The need to study the behaviour of monopole flange connections and 
optimize their designs in terms of the number of bolts, flange thicknesses 
and use of stiffeners cannot be over-emphasized. The present study aims 
at providing a better understanding in this subject area.
1.3 Objectives of the study
The objective? of the present study are:
• To develop a finite element model of the flange connection.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
• To determine the ultimate loads for different plate thicknesses and 
number of bolts in monopole connection.
• To determine the effect of stiffeners in monopole connection.
• To predict the parameters for an optimum monopole connection 
design.
• To establish a simplified analytical approach for monopole connection 
design.
1.4 Outline of the thesis
The thesis is presented in six chapters and the topics covered in each
chapter are arranged as outlined below:
• Chapter 1: covers the introduction, the significance, and objectives of 
the study. The chapter presents an introductory background of bolted 
connections.
• Chapter 2: presents an overview of available literature. Available 
research results are summarized in this chapter, so as to help readers 
understand what had been done.
• Chapter 3: presents the methodology adopted in the research, and 
preliminary finite element analysis results similar to those obtained 
f r o m  a previous study. The finite element approach used in the
4
permission of the copyright owner. Further reproduction prohibited without permission.
research is fully described here and all the initial results obtained from 
FE analysis including relevant discussions are covered in this chapter.
• Chapter 4: covers all the results of the parametric analysis in the study 
with their respective discussions. Results and discussions of finite 
element parametric studies with varying flange thicknesses and 
number of bolts (stiffened and unstiffened cases) are presented in this 
chapter.
• Chapter 5: presents a simplified approach to monopole connection 
design. This covers the development of an appropriate analytical 
procedure for solving the connection problem in the study.
• Chapter 6: gives conclusions that can be drawn from the present study 
and recommendations for future research.





This chapter covers the review of the available literature in the areas of 
bolted connections. Most of the papers reviewed were on bolted end- 
plate connections; and few papers on base plate connections were also 
included in this review. Among the published work reviewed, the 
methodologies adopted varied from experimental to analytical (finite 
element) to theoretical and in some cases, two or more of these methods 
were employed. This chapter is presented under the following sub-topics: 
design of bolted connections; end-plate bolted connections and 
background studies.
2.2 Design of bolted connections
Almost every steel structure is an assemblage of individual parts or 
members that must be fastened together, and one of the most popular 
ways of achieving the fastening is through the use of bolted connections.
Kulak e t a l .  (1987) categorized bolt types into:
• Low carbon steel bolts and other fasteners, ASTM A307, Grade A.
• High-strength medium carbon steel bolts, ASTM A325, plain finish, 
weathering steel finish, or galvanized finish.
6
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• Alloy steel bolts, ASTM A490.
• Special types of high strength bolts such as interference body bolts, 
swedge bolts, and other externally threaded fasteners or nuts with 
special locking devices, ASTM A449 and ASTM A354 Grade BD bolts.
The most commonly used types of bolts are; the ASTM A307 Grade A 
carbon steel bolt, the ASTM A325 high strength steel bolt, and the ASTM 
A490 quenched and tempered alloy steel bolt.
Monopole bolted connections help in transmitting load from one member 
to the other. Salmon and Johnson (1996) cited a pin as the simplest 
device for transferring load from one steel piece to another, whereby the 
pin is inserted in holes that are aligned in the two pieces.
High-strength bolts are normally pretensioned by tightening the bolts to 
attain an initial clamping force. This process creates tension in the bolts. 
Initial clamping force was cited by Kulak e t  a l .  (1987) as a major factor 
governing the slip load of a connection. They defined a slip-resistant joint 
as one with a low probability of slip at any time during the life of the 
structure. In slip-resistant joints, the main plate and cover plates are 
compressed by the initial clamping force and no relative displacement of 
the contact points on the surfaces takes place. Bickford (1995) stressed 
that the designer’s interest is not just in tensioning the bolts, but in
7
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tensioning them by a desired amount, because the life and behaviour of 
such joints are so dependent on the “right amount” of clamping force. It is 
desirable to produce enough clamping force to prevent a variety of failure 
modes, but we must also make sure that the bolt tension and clamping 
force do not exceed an upper limit set by the yield strengths of the 
materials, the anticipated load to be placed on the joint in service, and 
other factors.
2.3 End-plate bolted connections
End-plate connections can be used for both the beam-to-beam connection 
and the beam-to-column connection; and the flexural deformation of these 
connections usually results from the local deformations of the various 
components that comprise the joint. According to Kulak e t  a l .  (1987), end- 
plate connection is used to transfer only the end reaction from either 
beam-to-beam or beam-to-column and the beam is assumed to be simply 
supported. It is often essential to provide restraint in the form of stiffeners 
so as to minimize end rotations and local buckling. This is also the case 
for connections that do not involve the use of end-plates. Kulak e t  a l .  
(1987) stressed that the stiffness and strength of beam-to-column and 
beam-to-beam connections are closely interrelated and that they are of 
major importance tc the performance of the connection.
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Strength requirements ensure that the connection has the ability to 
transfer the anticipated loads while a stiffness requirement is the
connection’s ability to develop the desired restraint. The bolt tensile 
strength, shear strength and bearing strength are obtained from the 
following (Salmon and Johnson, 1996):
Rn = Fbu(0.75Ab) Nominal tensile strength (2.1)
Rn = mAb(0.62Fbu) Nominal shear strength (2.2)
Rn = 3.0Fudt Nominal bearing strength (2.3)
Where;
Fb -  1 u — tensile strength of the bolt material
Ab = Gross area of one bolt
m = number of shear planes
Fu = tensile strength of plate material
d = nominal bolt diameter
t = plate thickness
2.4 Background studies
Rosner and Rizkalla (1995) conducted a comprehensive experimental and 
analytical investigation to study the behaviour of bolted connections in 
composite materials. The investigation included the behavioural effects of 
various connection parameters including the width, edge distance,
9
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material thickness, and fiber orientation with respect to the direction of the 
applied load. They found that the load-displacement behaviour of the 
connections is linear up to failure regardless of the modes of failure or the 
fiber orientation with respect to the applied load; and that increasing the 
thickness of the members increased the ultimate load capacity of the 
connection.
Bahaari and Sherbourne (1996) employed an inelastic finite-element 
modeling technique to evaluate the stiffness and strength characteristics 
of steel bolted end-plate connections. The configuration used for 
prestressed bolt connections consisted of a rectangular plate welded to 
the beam cross section and bolted by two rows each of two bolts at the 
tension flange of the beam and one row of bolts above the compression 
flange.
The end-plate, at its line of attachment to the beam web, separates along 
the depth of the beam and clearly rotates about the compression flange of 
the beam. The corresponding rotation to every load step was computed 
by dividing the maximum separation of end-plate at the beam flange by 
beam flange center-to-center depth. They concluded that the amount of 
preload does not affect the bolt force, prying action and beam flange force 
distribution at ultimate load.
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Choi and Chung (1996) used a three-dimensional model made up of non- 
conforming 3D elements with variable nodes in their study. The non- 
conforming element was created by adding a variable number of nodes to 
the basic 8-node solid element. They applied a simple and efficient 
contact algorithm with a new gap element in simulating the interaction 
between the end-plate and the column flange. Convergence was 
achieved when all of the tensile gap elements have the minimum modulus, 
and the indicators of compressive gap elements are greater or equal to 
the contact tolerance.
It was observed in the beam-to-column connection tested that the large 
deformation of the column flange greatly influenced the flexural behaviour 
of the connection, and that the deformation of the unstiffened connection 
was so large that the overall safety of structure needs to be carefully 
checked.
Fu and Boulos (1996) used finite element analysis to analyze round or 
polygonal signal steel post with continuously varying diameters, inserted in 
and welded to a square steel base plate. Eight-node linear and 
isoparametric solid elements were used to model the structure. The PEA 
model was then verified by a full-scale load test, where the pole was 
mounted horizontally and the load was applied vertically by a hydraulic
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jack at the tip. Diagonal and parallel load cases were considered in the 
analysis.
Bending stresses of critical regions in the base plate were computed 
(empirically) so as to make it consistent with the allowable stress design 
concept adopted by the AASHTO code. The following equations were 
obtained by simplifying the problem as a cantilever beam under a 
concentrated load at its free end, thus;
^ _________Anchor Force x Moment Arm_______  ^  4)
b ~ Equivalent Flexural Elastic Section Modulus
fb =
M (BC -D B ) 
BC 2
d (1 .414 L - DB )-
(2.5)
BC DB DB , ( L - 0.707BC) BC
4.304 - 0.02021 —  - 4.304 —  + 4.503 (— )2 - 0.975 V ^  ’ -1.686 —




fb = computed bending stress
M = moment at the post base due to the design load
a = empirical coefficient for an equivalent section modulus
BC = bolt circle diameter
DB = diameter at bottom of post
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L = side length of square base plate 
Ca = section modulus 
T = thickness of base plate
Bahaari and Sherbourne (1997) adopted a four-parameter Richmond- 
Abbott power function to represent the major moment-rotation (M-0) 
relationship of extended end-plate bolted connections. A multiple- 
regression analysis procedure was used for deriving the parameters in 











Ki = Ki - Kp {Where K  and Kp are the initial and strain hardening 
stiffness of the connection, respectively} and are calculated 
thus:
y. _ M N - M N-1 
p “  (b  .  cb
^  N ^ N - 1
(2 .8)
Where:
Mi = starting value of connection moment to which curve is fitted 
ct>i = starting value of connection rotation to which curve is fitted
13
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N-i = the second to the last data point 
N = the last data point
M0 = reference moment 
n = shape parameter of M -0 curve
The moment in equation (2.7) was normalized by the nominal moment 
capacity to eliminate its dimensional effect, thus equation (2.7) becomes:
M“ "  = , Klnl)> u +K „,0  (2.9)
(l + |K,n0 |nf
Where:
M
M norm = -----
M 0
K1n = Kin - Kpn (Kjn and Kpn = slopes at beginning and end of 
dimensionless curve)
Olsen (1997) presented a general approach of analysis and design of 
bolted end-plate connections based on the structural laws of plasticity. 
The flush end-plate was designed such that prying forces are not present. 
Prying force is the force exerted on the bolts as a result of an applied 
external load. The bolts of the extended end-plate were designed such 
that yielding at the bolt line and at the flange can occur, thereby reducing 
the end-plate thickness, but increasing the required bolt force capacity.
14
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The design formulae for flush and extended end-plates were derived as 
follows:
End-plate thickness:
h{(JTb„t„  +  (l/6)(2oy +  0 c ) tKh)
f  _ h -  c -  d t h , h
m\ 2  j =  1- k i — l- k-,-------1
I 'Jme c ~a
(2 .10)
+  2 - — - — — {c +  d + ~Jme ) f P
Required bolt force capacity of internal bolts:
Intern
m
h — c — d
+  k ,  1 + 2
h —c — d
(c +  d +  yjme (2 .11)
Required bolt force capacity of external bolts:
m 2 -  { a l l )
Where:
a 1 -  ( a l l )
k i  = 1 for flush end-plate; 2 for extended end-plate
k2 -  0 for flush end-plate; 2 for extended end-plate
aT = stress at the flange in tension
a c  =  stress at the flange in compression
tfl = thickness of the flange in tension
bfi = width of flange in tension
tw = thickness of the web
h = height of the section
(2 .12)
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They found that yielding of the bolts and of the end-plate are equally likely 
to occur for flush end-plates. The yield line pattern in extended end-plate 
is shown in Figure 2.1.
Figure 2.1: Yield line pattern in an extended end-plate; (Olsen 1997).
The paper published by Wheeler e t  a l .  (1998) presented a model for the 
determination of the serviceability and ultimate moment capacities of 
bolted moment end-plate connections utilizing rectangular hollow sections 
and two rows of bolts. The model was calibrated and validated using 
experimental data from an associated test program. According to them, 
the design model is a relatively simple method for predicting the 
serviceability and ultimate moment capacities for square-shaped bolted 
moment end-plate connection.
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Butterworth (1999) used a combination of full scale testing and materially 
non-linear three-dimensional finite element analysis to investigate 
extended end-plate beam-to-column connections. Enhanced strain solid 
and contact gap elements were used in the FEA to model the connection 
behaviour.
FEA and test results for the bolt forces were reported to be in good 
correlation, and so were the stresses in the compression flange. It was 
also observed that the forces from the top rows of bolts were higher in the 
FEA and test results than in the predicted theory, which according to him 
was as a result of the increased strength in the material preventing the 
connection force from being transmitted down into the lower rows of bolts.
He concluded that the then AISC design theory underestimated the bolt 
forces in the top rows of the connection and overestimated the forces in 
the lower rows when compared with FEA and test results.
The study conducted by Kontoleon e t  a l . (1999) was based on the 
theoretical results of non-smooth mechanics and a two-dimensional finite 
element plane stress model was constructed for the parametric analysis of 
the structural behaviour of a column-base plate connection. They also 
took into account material yielding, contact interface slip and interface 
interaction.
17
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They split the problem into two subproblems; contact and frictional 
subproblems. They found out from the parametric analysis that the 
stiffness of the base plate is a significant parameter affecting the 
development of prying action at the active contact areas of the plate.
Kontoleon and Baniotopoulos (2000) applied a finite element-quadratic 
programming approach for the numerical treatment of problems involving 
frictional contact between elastic-plastic bodies and/or a rigid obstacle. 
Their paper addressed the solution of the contact problems at hand 
through a variational inequality formulation. They also split the problem 
into two subproblems; contact subproblem and frictional subproblem.
The solution of the contact subproblem was obtained by minimizing the 
potential energy of the discretized structure. Frictional subproblem was 
formulated with respect to the unknowns at the tangential to the interface 
direction.
The analysis of the model showed that the method converges after a 
number of iterations. The solution expresses an equilibrium position of the 
studied structure calculating the separation and contact areas through a 
reasonably stable equilibrium path.
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Hag-Elsafi e t  a l . (2001) developed a new procedure based on beam-and- 
plate bending and torsion theories, for the design of end-plates and base 
plates of span-wire-mounted traffic-signal structures. The procedure was 
applied to designing square plates.
Stresses and bolt forces were determined from the procedure; and it was 
reported that the new design procedure possesses a simple engineering 
mechanics concept that verifies critical stresses at more than one location 
on the plate, while then-current base plate design methods assume 
stresses to be critical at only one section.
Schneider and Teeraparbwong (2002) in their research investigated 
experimentally bolted flange plate connections to identify ductile behaviour 
and modes of failure. Eight full-scale bolted flange plate specimens were 
tested and designed to induce either inelastic behaviour in the flange 
plates or in the girder beyond the flange plate connection. These tests 
demonstrated that bolted flange plate connections induce inelastic 
behaviour in many regions of the joint including the panel zone, the flange 
plates, and the girder. It was found that the ductility of these regions 
accommodates large inelastic rotational demands on the joint.
Sumner and Murray (2002) in their paper studied the behaviour and 
design of extended end-plate moment connections under cyclic loading by
19
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testing bare steel beam-to-column connection and composite slab beam- 
to-column connection specimens. They found that extended end-plate 
moment connections can be designed to be suitable for use in seismic 
force resisting moment and went on to suggest that the connections 
should be designed to be stronger than the connecting beam (strong plate 
connection) to ensure that beam flange and web local buckling, a ductile 
and reliable limit state, limit the strength of the beam-to-column connection 
assembly.
2.5 Summary
The above review clearly shows that the bulk of the work that has been 
done is on end-plate connection, beam-to-column connection and beam- 
to-beam connection. The research carried out in these areas ranges from 
design of connection members to behavioural and parametric analysis of 
the connections. Findings presented in the studies were obtained through 
the use of experimental analysis, finite element analysis or theoretical 
methods, in some cases, two or more methods were combined to solve a 
connection problem.




This chapter discusses the method used to solve the circular monopole 
connection problem. The geometry, material properties and finite element 
procedures involved are all presented. Abaqus CAE (version 6.3) is used 
to develop and simulate the models. Lastly, the preliminary finite element 
results similar to those obtained by Nagulapati (2003) are also presented 
in this chapter so as to show what had been done previously on the 
subject area.
3.2 Model geometry and material properties
The typical monopole is made up of two different diameters connected 
together at their flanges. The smaller pipe has an inside diameter of 157 
mm (6 in.), with a wall thickness of 7.1 mm (0.28 in.) and a length of 1803 
mm (71 in.) from the flange plate; while the larger pipe has an inside 
diameter of 308 mm (12 in.) with a wall thickness of 9.5 mm (0.375 in.) 
and a length of 1498 mm (59 in.) from the flange plate. Flange plates are 
welded to the end of each pipe, and are of 171.5 mm and 327 mm inside 
and outside diameters, respectively. Stiffeners are 12.7 mm (0.5 in.) thick; 
and a total of 4, 2 and 4 stiffeners are used for stiffened monopole with 8, 
6 and 4 bolts, respectively.
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The two pipes are bolted together at their flanges with 25.4 mm (1 in.) 
diameter ASTM A325 bolts, which are pretensioned to 227 kN (51 kips) 
force. The monopoles considered are either stiffened or unstiffened. 
Below is the list of individual models analyzed in the study:
• Monopole with 25.4 mm thick flanges (stiffened and unstiffened)
connected with 8, 6 and 4 bolts.
• Monopole with 19.05 mm thick flanges (stiffened and unstiffened)
connected with 8, 6 and 4 bolts.
• Monopole with 12.7 mm thick flanges (stiffened and unstiffened) 
connected with 8, 6 and 4 bolts.
A typical monopole specimen used for FE model is shown in Figure 3.1. 
The properties given in Salmon and Johnson (1996) are used for the 
ASTM A325 bolts as shown in the typical stress-strain curves in Figure 
3.2. The curves define the material stress-strain characteristics in the 
plastic range. The mechanical properties of the pipe section, flange plate 
and bolts are obtained from Nagulapati (2003) and are reproduced in 
Table 3.1.
3.3 Finite element procedure
Each model used in the analysis is developed using Abaqus CAE (version 
6.3); and only one half of the model is analyzed because of its symmetry
22
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along the longitudinal direction. Pipe, flange plate and stiffeners are 
assumed to be a single member with no welds.
Contact between bolt surfaces and flange plate is taken as rough with 
small sliding (because it is expected that the bolts will have a firm grip on 
the flanges), while that between the two flange plates is taken as 
frictionless with no slip conditions, because there is no possibility of slip 
between flange plates unless bolts fail. Contact between bolt shank and 
bolt hole is ignored. When defining the contact between bolts and flange, 
bolt surfaces are made the slave surfaces (as they cannot penetrate the 
flange). Similarly, for contact between the flanges, the flange surface of 
the smaller pipe is made the slave and the flange surface of the larger 
pipe is made the master surface.
Table 3.1: Material properties used in finite element analysis
(Reproduced from Nagulapati, 2003)
PROPERTY PIPE FLANGES BOLT
1 Yield strength, MPa (ksi) 396 (57.5) 365 (53) 634 (92)
2 Tensile strength, MPa 
(ksi)
463 (67.1) 483 (70) 827(120)
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Figure 3.1: Cantilevered monopole specimen used for Finite
element modeling (Reproduced from Nagulapati, 
2003).
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Figure 3.2: Typical stress-strain curves adopted in the study
(Reproduced from Salmon and Johnson, 1996)
3.3.1 Element type
A combination of C3D8I (continuum three dimensional eight node 
incompatible mode) and C3D8R (continuum three dimensional eight node 
reduced integration) are used for the finite element modeling of the 
monopole. C3D8I elements give good results when their shapes are 
rectangular and since the generated mesh in the pipe is almost 
rectangular, the pipes are thus modeled with C3D8I elements. The 
flanges and bolts on the other hand are assigned C3D8R elements
25
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because the meshes generated in them have irregular shapes. A 
minimum of two layers of elements are used where C3D8R element type 
is assigned and element sizes are chosen so as to minimize the number 
of distorted elements.
The seeding near the connection is applied so as to produce a finer mesh 
than other regions. The bolt holes are also seeded with a minimum of 
sixteen (16) elements because of the curvature present. Typical meshes 
generated for stiffened and unstiffened monopoles are shown in Figures 
3.3(a) and (b).
3.3.2 Definition of steps and boundary conditions
The finite element analysis is done in three different steps. The first 
analysis step is used to define the pretensioning of bolts. A pretension 
force of 227 kN (51 kips) is applied normal to a cross section defined by 
partitioning the bolt across its middle. The pretension forces normally act 
parallel to the bolt center line. The second analysis step is used to define 
the contact problem where the bolt lengths are fixed at the current 
pretensioned position. This is done to keep the bolts at the pretension 
level when external loads are introduced on the monopole in the 
subsequent step. The third step is the load step where an external load of
44.5 kN (10 kips) is applied on a small area at the free end of the model.
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(a) Stiffened monopole
(b) Unstiffened monopole 
Figures 3.3: Meshes generated for typical stiffened and unstiffened 
monopoles
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The boundary conditions are applied to the model in the initial default 
analysis step, and are then propagated to all the subsequent steps. A 
fully fixed boundary condition is applied to the end of the large pipe. Since 
only one half of the model is being analyzed because of symmetry, it is 
necessary to apply symmetric boundary conditions along the longitudinal 
surface of the model that defines the cut-plane.
3.3.3 Finite element model validation
The finite element model configuration used in this study is validated using 
a previous experimental investigation (Nagulapati, 2003). Test specimens 
similar in geometry to that described for the finite element model were 
subjected to external loads at their free ends. The load was applied in 
increments to the cantilevered end by means of a hydraulic jack. Load 
cell readings, dial gauge readings, strain measurements and gap 
measurements were recorded at each load increment. The obtained 
results using the finite element analyses were found to be in good 
agreement with those obtained from the experimental investigation. 
According to Nagulapati (2003), the 3-D finite element model predicts the 
strength of flange connections well. FEA and experimental results 
obtained by Nagulapati (2003) for the free end deiiection are reproduced 
in Figures 3.35 to 3.37.



























(a) 6 bolts case
Critical
(a) 4 bolts case 
Bolts designation in 8, 6 and 4 bolts monopole cases
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3.4 Preliminary finite element results
The preliminary results obtained in this study are in good agreement with 
those obtained by Nagulapati (2003). These results are presented below 
and they form the basis of subsequent finite element analysis in this study.
3.4.1 Stiffened monopole connection
It will be observed that the bolt forces are almost at the pretensioned level 
except for the critical bolt (bolt 1 located on the tension side where the 
load is applied on the monopole) which soon starts to deviate visibly from 
the pretensioned level. Figures 3.5, 3.6 and 3.7 show the variation of bolt 
forces for stiffened monopole with 8 bolts and 25.4 mm (1 in.), 19.05 mm 
(0.75 in.) and 12.7 mm (0.50 in.) thick flanges, respectively. The 
designation of bolts is shown in Figure 3.4.
The deflections at different points on the monopole from the fixed end to 
the free end are found to vary with each load increment. While points 
near the fixed end are observed to have very little deflection, points near 
the free end deflect significantly. Figures 3.8, 3.9 and 3.10 show the 
relationship between load and deflection at various points along the length 
of the monopole for stiffened monopole with 8 bolts and 25.4 mm (1 in.),
19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) thick flanges, respectively.
Gap variations at strategic points on the flanges versus applied load are 
shown in Figures 3.11, 3.12 and 3.13 for stiffened monopole with 8 bolts
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and 25.4 mm (1 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) thick
flanges, respectively.
The longitudinal strains at two different points (top and bottom of small 
pipe) located 160 mm from the flange are observed to vary linearly from 
the commencement of load application till the elastic limit point, after 
which a non-linear behaviour is exhibited. This relationship is shown for 
stiffened monopole with 8 bolts and 25.4 mm (1 in.), 19.05 mm (0.75 in.) 
and 12.7 mm (0.50 in.) thick flanges in Figures 3.14, 3.15 and 3.16, 
respectively.
3.4.2 Unstiffened monopole connection
The variations of bolt force are shown for unstiffened monopole with 8 
bolts in Figures 3.17, 3.18 and 3.19 (for flange thicknesses 25.4 mm (1 
in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.), respectively). Noticeable 
variations occur in each of the bolts throughout the loading, but the critical 
bolt is seen to exhibit the maximum variation.
The deflection at different points from the fixed end show similar trend to 
those obtained for stiffened monopoles, except that the deflections are 
more pronounced at the points being considered. These results are 
plotted in Figures 3.20, 3.21 and 3.22 for unstiffened monopole with 8
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bolts and 25.4 mm (1 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) thick
flanges.
Variation of gaps with load are shown in Figures 3.23, 3.24 and 3.25 for 
unstiffened monopole with 8 bolts and 25.4 mm (1 in.), 19.05 mm (0.75 
in.) and 12.7 mm (0.50 in.) thick flanges. Longitudinal strains are also 
plotted in Figures 3.26 to 3.28 for unstiffened monopole with 8 bolts [25.4 
mm (1 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) thick flanges] and 
they are found to be similar to the stiffened cases.
3.4.3 Failure of stiffened and unstiffened monopoles
Failure of the monopole occurred in the small pipe in all cases. In addition 
to bending of the small pipe, unstiffened monopoles with 8 bolts and 12.7 
mm (0.50 in.) thick flanges experienced inward twisting of the flanges at 
the compression side. Gaps are also noticed in all the monopoles at 
failure, though they vary in magnitude from model to model. Figures 3.29 
to 3.34 show the failure of monopoles and deformation pattern with stress 
distribution.
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Figure 3.5: Variation of bolt force with load for stiffened monopole with 8










Figure 3.6: Variation of bolt force with load for stiffened monopole with 8
bolts and 19.05 mm (0.75 in.) thick flanges
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Figure 3.7: Variation of bolt force with load for stiffened monopole with 8


















Figure 3.8: Load versus deflection at various locations (from fixed to free
end) for stiffened monopole with 8 bolts and 25.4 mm (1 in.) 
thick flanges
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Figure 3.9: Load versus deflection at various locations (from fixed to free










Figure 3.10: Load versus deflection at various locations (from fixed to free 
end) for stiffened monopole with 8 bolts and 12.7 mm (0.50 
in.) thick flanges
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Figure 3.11: Load versus gap between flanges for stiffened monopole 
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Figure 3.12: Load versus gap between flanges for stiffened monopole 
with 8 bolts and 19.05 mm (0.75 in.) thick flanges
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Figure 3.13: Load versus gap between flanges for stiffened monopole 
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Figure 3.14: Load versus longitudinal strain on small pipe (top and 
bottom) at 160 mm distance from flange for stiffened 
monopole with 8 bolts and 25.4 mm (1 in.) thick flanges
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Figure 3.15: Load versus longitudinal strain on small pipe (top and 
bottom) at 160 mm distance from flange for stiffened 










Longitudinal Strain (10'6 mm/mm)
Figure 3.16: Load versus longitudinal strain on small pipe (top and 
bottom) at 160 mm distance from flange for stiffened 
monopole with 8 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 3.17: Variation of bolt force with load for unstiffened monopole 








Figure 3.18: Variation of bolt force with load for unstiffened monopole 
with 8 bolts and 19.05 mm (0.75 in.) thick flanges











Figure 3.19: Variation of bolt force with load for unstiffened monopole 













Figure 3.20: Load versus deflection at various locations (from fixed to free 
end) for unstiffened monopole with 8 bolts and 25.4 mm (1 
in.) thick flanges
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Figure 3.21: Load versus deflection at various locations (from fixed to free 
end) for unstiffened monopole with 8 bolts and 19.05 mm 













Figure 3.22: Load versus deflection at various locations (from fixed to free 
end) for unstiffened monopole with 8 bolts and 12.7 mm 
(0.50 in.) thick flanges
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Figure 3.23: Load versus gap between flanges for unstiffened monopole 
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Figure 3.24: Load versus gap between flanges for unstiffened monopole 
with 8 bolts and 19.05 mm (0.75 in.) thick flanges
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Figure 3.25: Load versus gap between flanges for unstiffened monopole 
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Figure 3.26: Load versus longitudinal strain on small pipe (top and 
bottom) at 110 mm distance from flange for unstiffened 
monopole with 8 bolts and 25.4 mm (1 in.) thick flanges
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Figure 3.27: Load versus longitudinal strain on small pipe (top and 
bottom) at 110 mm distance from flange for unstiffened 
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Figure 3.28: Load versus longitudinal strain on small pipe (top and 
bottom) at 110 mm distance from flange for unstiffened 
monopole with 8 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 3.29: Two different views of stiffened monopole with 8 bolts and 
25.4 mm (1 in.) thick flanges at failure
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
S. Mitts 
(Av« G it : 75%)
!
+l376«+05 
+1 2 6 l*+Q5 
♦ t.W7*+05 









Figure 3.30: Two different views of stiffened monopole with 8 bolts and 
19.05 mm (0.75 in.) thick flanges at failure
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Figure 3.31: Two different views of stiffened monopole with 8 bolts and 
12.7 mm (0.50 in.) thick flanges at failure
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Figure 3.32: Two different views of unstiffened monopole with 8 bolts and 
25.4 mm (1 in.) thick flanges at failure
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Figure 3.33 Two different views of unstiffened monopole with 8 bolts and 
19.05 mm (0.75 in.) thick flanges at failure
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Figure 3.34 Two different views of unstiffened monopole with 8 bolts and 
12.7 mm (0.50 in.) thick flanges at failure
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Figure 3.35 Comparison of load versus deflection (FE and experimental) 
at 3.30 m from the fixed end for 25.4 mm (1 in.) thick 










Figure 3.36 Comparison of load versus deflection (FE and experimental) 
at 3.30 m from the fixed end for 25.4 mm (1 in.) thick 
unstiffened flanges with 8 bolts (Reproduced from 
Nagulapati, 2003)
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Figure 3.37 Comparison of load versus deflection (FE and experimental) 
at 3.30 m from the fixed end for 19.05 mm (0.75 in.) thick 
unstiffened flanges with 8 bolts (Reproduced from 
Nagulapati, 2003)
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CHAPTER FOUR
PARAMETRIC STUDY OF MONOPOLE CONNECTION
4.1 General
This chapter covers the parametric analysis of the validated monopole 
connection model presented in the previous chapter (Chapter 3). The 
effects of varying the flange thickness and the number of bolts for both 
stiffened and unstiffened cases of monopole flange connection are 
studied. The results and discussions of the parametric study are then 
presented.
4.2 Parametric study results and discussions
4.2.1 Stiffened monopoles
4.2.1.1 Maximum deflection
The maximum deflections at the free end of the stiffened monopole with
25.4 mm (1 in.) thick flanges are observed to be similar for 8, 6 and 4 bolts 
cases. As expected, the deflections varied linearly with load up to the 
elastic limit point. The maximum deflections experienced at yield load are 
found to be almost the same in 8, 6 and 4 bolts cases. Figures 4.1, 4.2 
and 4.3 show loads against maximum deflection for stiffened monopole 
with 25.4 mm (1 in.) thick flanges connected with 8, 6 and 4 bolts, 
respectively.
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For stiffened monopole with 19.05 mm (0.75 in.) thick flanges and 8, 6 and 
4 bolts, the maximum deflection results obtained are similar to those cited 
above for stiffened monopole with 25.4 mm (1 in.) thick flanges and 8, 6 
and 4 bolts, except that the maximum deflections in stiffened monopole 
with 19.05 mm (0.75 in.) thick flanges and 8, 6 and 4 bolts at yield load are 
slightly higher. Figures 4.4, 4.5 and 4.6 show loads against deflection for 
stiffened monopole with 19.05 mm (0.75 in.) thick flanges and 8, 6 and 4 
bolts, respectively.
In stiffened monopole with 12.7 mm (0.50 in.) thick flanges, a higher 
variation is observed in the maximum deflection results between 8, 6 and 
4 bolts cases. As usual though, the deflections vary linearly with load till 
the elastic limit point. The yield load is observed to drop with reduction in 
the number of bolts used. In other words, for stiffened monopole with 12.7 
mm (0.50 in.) thick flanges (8, 6 and 4 bolts), the number of bolts used, is 
a major determinant of the yield load and maximum load the connection 
can support. The stiffened monopole with 12.7 mm (0.50 in.) thick flanges 
and 8 bolts displays a similar behaviour to models from stiffened 
monopoles with 25.4 mm (1 in.) and 19.05 mm (0.75 in.) thick flanges. 
Load against maximum deflection is plotted for stiffened monopole with 
12.7 mm (0.50 in.) thick flanges and 8, 6 and 4 bolts in Figures 4.7, 4.8 
and 4.9, respectively.
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4.2.1.2 Gap
Gap distance in the tensile zone is computed for each model analyzed. 
Stiffened monopole with 25.4 mm (1 in.) thick flanges and 8 bolts 
produced almost no gap up to a load of 43 kN, after which a minimal gap 
is observed up to a maximum gap of 0.143 mm at 49.73 kN maximum 
load. In stiffened monopole with 25.4 mm (1 in.) thick flanges and 6 bolts, 
gap became noticeable at a load of 30 kN and increased linearly to a 
maximum of 0.217 mm at 46.38 kN. The gap in stiffened monopole with
25.4 mm (1 in.) thick flanges and 4 bolts became pronounced at 10 kN 
and increased to a maximum of 0.733 mm at 46.58 kN. The gap 
variations are plotted in Figures 4.10, 4.11 and 4.12 for stiffened 
monopole with 25.4 mm (1 in.) thick flanges and 8, 6 and 4 bolts, 
respectively.
Stiffened monopole with 19.05 mm (0.75 in.) thick flanges and 8 bolts 
produced a gap of 0.371 mm at 49.79 kN maximum load. In stiffened 
monopole with 19.05 mm (0.75 in.) thick flanges and 6 bolts, a gap of 
0.540 mm was recorded at the maximum load of 46.2 kN. Similarly, 
stiffened monopole with 19.05 mm (0.75 in.) thick flanges and 4 bolts 
produced a gap of 5.33 mm at 46.05 kN. Figures 4.13, 4.14 and 4.15 
show the gap variations for stiffened monopoles with 19.05 mm (0.75 in.) 
thick flanges and 8, 6 and 4 bolts, respectively.
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Stiffened monopole with 12.7 mm (0.50 in.) thick flanges and 8 bolts has a 
gap of 3.46 mm at a maximum load of 46.74 kN; while stiffened monopole 
with 12.7 mm (0.50 in.) thick flanges and 6 bolts is found to have a gap of 
7.71 mm at 42.14 kN. Likewise, stiffened monopole with 12.7 mm (0.50 
in.) thick flanges and 4 bolts produced a gap of 14.9 mm at 36.67 kN. The 
gap variations for stiffened monopoles with 12.7 mm (0.50 in.) thick 
flanges and 8, 6 and 4 bolts are shown in Figures 4.16, 4.17 and 4.18, 
respectively.
A further study of the gaps recorded for stiffened monopoles revealed that 
more gap is produced when only flange thickness is reduced from 25.4 
mm (1 in.) to either 19.05 mm (0.75 in.) or 12.7 mm (0.50 in.), than when 
the number of bolts are reduced from eight (8) to either six (6) or four (4). 
For instance, stiffened monopole with 25.4 mm (1 in.) thick flanges and 8 
bolts produced a maximum gap of 0.143 mm; when the flange thickness is 
reduced to 19.05 mm (0.75 in.), the gap increases to 0.371 mm. if the 25.4 
mm (1 in.) flange thickness were retained with a reduction in the number 
of bolts from eight (8) to six (6), the gap increases to 0.217mm. Table 4.1 
displays the gaps for all stiffened monopole cases analyzed. From the 
table, it can be seen clearly that stiffened monopole with 12.7 mm (0.50 
in.) thick flanges and 6 and 4 bolts both produced gaps of 7.71 mm and 
14.9 mm at maximum loads of 42.14 kN and 37.67 kN, respectively.
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These two cases of stiffened monopole may not be economical because 
excessive gaps developed at relatively low maximum loads.
Table 4.1: Gaps for all cases of stiffened monopole
Stiffened
Monopole
25.4 mm (1 in.) 
thick Flanges 
(Max. gap, mm)
19.05 mm (0.75 
in.) thick Flanges 
(Max. gap, mm)
12.7 mm (0.50 
in.) thick Flanges 
(Max. gap, mm)
8 bolts 0.143 0.371 3.46
6 bolts 0.217 0.540 7.71*
4 bolts 0.733 5.33 14.9*
* These are gaps that are excessive
4.2.1.3 Critical bolt force
The variation of bolt force in the bolt located at the tensile zone is 
examined for each of the stiffened monopole models. As cited in the 
literature review, the preload forces from the bolts in a bolt group generate 
the required clamping force needed to keep the connection in service. 
Each of the bolts obviously will respond differently to external loads.
The critical bolt forces in stiffened monopole with 25.4 mm (1 in.) thick 
flanges and 8, 6 and 4 bolts all conform to the pattern predicted by 
Bickford (1995). Figures 4.19 to 4.21 show critical bolt forces versus 
maximum deflection at the free end of the monopole. It will be observed 
that the critical bolt forces first increased before stabilizing. The stiffened 
monopoles with 25.4 mm (1 in.) thick flanges increased above the initial 
pretension level by 11%, 18% and 43% for 8, 6 and 4 bolts cases,
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respectively. The bolt forces obtained at the maximum load were 253 kN, 
268 kN and 324 kN for 8, 6 and 4 bolts cases, respectively.
The stiffened monopole with 19.05 mm (0.75 in.) thick flanges and 8, 6 
and 4 bolts display similar trend to that explained above. At maximum 
load, the bolt forces produced were 272 kN (8 bolts case), 290 kN (6 bolts 
case) and 331 kN (4 bolts case) representing an increase of 20%, 28% 
and 46%, respectively from the initial 227 kN preload. These are shown in 
Figures 4.22 to 4.24 for stiffened monopole with 19.05 mm (0.75 in.) thick 
flanges and 8, 6 and 4 bolts, respectively.
Among stiffened monopoles with 12.7 mm (0.50 in.) thick flanges, only the 
8 bolt case exhibits the pattern recorded above for stiffened monopoles 
with 25.4 mm (1 in.) and 19.05 mm (0.75 in.) thick flanges. The bolt force 
in the stiffened monopole with 12.7 mm (0.50 in.) thick flanges and 8 bolts 
was 266 kN which corresponds to an increase of 17% from the initial 
preload. Stiffened monopoles with 12.7 mm (0.50 in.) thick flanges and 6 
bolts and 4 bolts both produced increased bolt forces at the 
commencement of external loading, but soon started reducing. The bolt 
force in stiffened monopole with 12.7 mm (0.50 in.) thick flanges and 6 
bolts increased to 255 kN, but decreased to 251 kN at maximum load. 
Stiffened monopole with 12.7 mm (0.50 in.) thick flanges and 4 bolts on 
the other hand increased to 250 kN, but soon reduced to 232 kN at
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maximum load. The reason for the reduced bolt forces in stiffened 
monopole with 12.7 mm (0.50 in.) thick flanges and 6 and 4 bolts is 
because the flange thickness could not provide adequate stiffness needed 
by the joint to stabilize the bolts’ clamping forces/bolt forces. As a result of 
this, the bolts gradually lost their clamping forces. Figures 4.25 to 4.27 
show curves for critical bolt forces for stiffened monopole with 12.7 mm 
(0.50 in.) thick flanges and 8, 6 and 4 bolts, respectively.
4.2.1.4 Critical bolt stresses
In stiffened monopole with 25.4 mm (1 in.) thick flanges and 8 bolts, bolt 
stresses remained almost constant from the commencement of load 
application till about 40 kN, after which the stresses started increasing. A 
similar trend is observed in stiffened monopole with 25.4 mm (1 in.) thick 
flanges and 6 bolts. As for stiffened monopole with 25.4 mm (1 in.) thick 
flanges and 4 bolts, the increase in stresses started at about 25 kN. von 
Mises and longitudinal stress (cr33) values at maximum load are presented 
in Table 4.2. Figures 4.28 to 4.30 show the curves for von Mises and 
longitudinal stress distributions in stiffened monopole with 25.4 mm (1 in.) 
thick flanges and 8, 6 and 4 bolts cases, respectively.
Stresses in stiffened monopole with 19.05 mm (0.75 in.) thick flanges and 
8 bolts started showing significant increase at 40 kN. In the case of 
stiffened monopole with 19.05 mm (0.75 in.) thick flanges and 6 and 4
59
permission of the copyright owner. Further reproduction prohibited without permission.
bolts, stresses still remained the same up to about 20 kN. Table 4.2 lists 
the von Mises and a33 stresses at maximum loads and are shown 
graphically in Figures 4.31, 4.32 and 4.33 for stiffened monopole with
19.05 mm (0.75 in.) thick flanges and 8, 6 and 4 bolts, respectively.
Stress distribution in stiffened monopole with 12.7 mm (0.50 in.) thick 
flanges and 8 bolts looks fairly stabilized until approximately 40 kN when 
the stress values started declining. Stiffened monopole with 12.7 mm 
(0.50 in.) thick flanges and 6 and 4 bolts on the other hand displayed 
inconsistent stress distributions. These are shown in Table 4.2 and 
Figures 4.34 to 4.36.
Table 4.2: von Mises and longitudinal stress (a33) distributions at
maximum loads in stiffened monopoles
I Stiffened monopole von Mises 
(MPa)
o33 (MPa)
25.4 mm (1 in.) thick flanges with 8 bolts 433 437
25.4 mm (1 in.) thick flanges with 6 bolts 455 450
25.4 mm (1 in.) thick flanges with 4 bolts 514 519
19.05 mm (0.75 in.) thick flanges with 8 bolts 475 455
19.05 mm (0.75 in.) thick flanges with 6 bolts 481 464
19.05 mm (0.75 in.) thick flanges with 4 bolts 643 570
12.7 mm (0.50 in.) thick flanges with 8 bolts 332 353
12.7 mm (0.50 in.) thick flanges with 6 bolts 385 338
12.7 mm (0.50 in.) thick flanges with 4 bolts 648 427
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4.2.1.5 Yield and maximum load
Figures 4.37 and 4.38 show the maximum load each type of monopole is 
subjected to in relation to one another. It is clear from these figures that 
not much difference exists between stiffened monopole with 25.4 mm (1 
in.) thick flanges (8, 6 and 4 bolts) and stiffened monopole with 19.05 mm 
(0.75 in.) thick flanges (8, 6 and 4 bolts) in terms of the maximum load 
they can be subjected to. In other words, stiffened monopole with 19.05 
mm (0.75 in.) thick flanges and 8 bolts can be subjected to as much load 
as stiffened monopole with 25.4 mm (1 in.) thick flanges and 8 bolts. The 
same can be said about stiffened monopole with 25.4 mm (1 in.) thick 
flanges and 6 bolts versus stiffened monopole with 19.05 mm (0.75 in.) 
thick flanges and 6 bolts; and stiffened monopole with 25.4 mm (1 in.) 
thick flanges and 4 bolts versus stiffened monopole with 19.05 mm (0.75 
in.) thick flanges and 4 bolts. The maximum load supported by the 
stiffened monopole with 12.7 mm (0.50 in.) thick flanges and 8 bolts is 
also within acceptable limit. Both stiffened monopole with 12.7 mm (0.50 
in.) thick flanges and 4 and 6 bolts fall short in terms of the average 
maximum load supported. Table 4.3 presents the maximum loads that 
can be supported by individual stiffened monopole.
Similarly, yield loads are found to be within the same range in all stiffened 
monopole cases except for stiffened monopole with 12.7 mm (0.50 in.)
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thick flanges and 6 and 4 bolts, whose yield loads fell below the range. 
These are illustrated in Figures 4.39, 4.40 and Table 4.4.
Table 4.3: maximum loads supported by stiffened monopoles
Stiffened
Monopole
25.4 mm (1 in.) 
thick Flanges 
(Max. load, kN)
19.05 mm (0.75in.) 
thick Flanges 
(Max. load, kN)
12.7 mm (0.50in.) I 
thick Flanges 
(Max. load, kN)
8 bolts 50.0 50.0 46.7
6 bolts 46.4 46.2 42.1
4 bolts 46.3 46.1
Table 4.4: yield loads supported by stiffened monopoles
Stiffened
Monopole
25.4 mm (1in.) 
thick Flanges 
(Yield load, kN)
19.05 mm (0.75in.) 
thick Flanges 
(Yield load, kN)
12.7 mm (0.50in.) 
thick Flanges 
(Yield load, kN)
8 bolts 45.7 45.4 43.1
6 bolts 45.0 44.9 40.1
4 bolts 44.4 44.3 33.1
4.2.1.6 Deformation patterns
Stiffened monopoles with 25.4 mm (1 in.) thick flanges and 19.05 mm 
(0.75 in.) thick flanges experienced slight deformation by bending of the 
small pipe. Also, there was gap at the tensile zone of the flanges for the 
monopoles. The gap in stiffened monopole with 19.05 mm (0.75 in.) thick 
flanges and 4 bolts is clearly visible.
Stiffened monopole with 12.7 mm (0.50 in.) thick flanges (8, 6 and 4 bolts) 
on the other hand experienced higher bending of the small pipe than in
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stiffened monopoles with 25.4 mm (1 in.) and 19.05 mm (0.75 in.) thick 
flanges. However, it was observed that reduction in flange thickness 
results in more bending of the small pipe, while reduction in the number of 
bolts used increases the likelihood of having more gap between the 




Unstiffened monopole with 25.4 mm (1 in.) thick flanges and 8, 6 and 4 
bolts produced the same deflection at maximum load. In all cases, the 
maximum deflection varied linearly with load till the yield load. Refer to 
Figures 4.1, 4.2 and 4.3 for maximum deflection curves for unstiffened 
monopole with 25.4 mm (1 in.) thick flanges and 8, 6 and 4 bolts, 
respectively.
Unstiffened monopole with 19.05 mm (0.75 in.) thick flanges and 8 bolts 
produced a maximum deflection that is slightly higher than unstiffened 
monopole with 25.4 mm (1 in.) thick flanges cases. The deflections in 
unstiffened monopole with 19.05 mm (0.75 in.) thick flanges and 6 and 4 
bolts have increased significantly when compared with the 8 bolts case. 
The results for unstiffened monopole with 19.05 mm (0.75 in.) thick
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flanges and 8, 6 and 4 bolts are presented in Figures 4.4, 4.5 and 4.6, 
respectively.
The maximum deflections obtained for unstiffened monopole with 12.7 
mm (0.50 in.) thick flanges (8, 6 and 4 bolts) are the highest in magnitude 
when compared with unstiffened monopoles with 25.4 mm (1 in.) and
19.05 mm (0.75 in.) thick flanges (8, 6 and 4 bolts). The excessive 
deflection of these set of monopoles resulted in the large deformation 
experienced in them. Figures 4.7 to 4.9 show the maximum deflection 
curve for all cases of unstiffened monopole with 12.7 mm (0.50 in.) thick 
flanges.
4.2.2.2 Gap
The gaps produced at maximum loads by unstiffened monopole with 25.4 
mm (1 in.) thick flanges and 8, 6 and 4 bolts were 0.542 mm at 46.74 kN; 
0.956 mm at 46.35 kN and 3.34 mm at 45.84 kN, respectively. These are 
plotted in Figures 4.10 to 4.12. Gaps increased with every reduction in the 
number of bolts used.
Gaps at maximum loads for unstiffened monopole with 19.05 mm (0.75 
in.) thick flanges and 8, 6 and 4 bolts were 5.21 mm at 45.52 kN; 9.24 mm 
at 45.5 kN and 17.5 mm at 44.28 kN, respectively. These gaps have 
increased significantly when compared with the unstiffened monopole with
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25.4 mm (1 in.) thick flanges scenario. Refer to Figures 4.13, 4.14 and 
4.15 for gap variation curves for unstiffened monopole with 19.05 mm 
(0.75 in.) thick flanges and 8, 6 and 4 bolts, respectively.
Unstiffened monopole with 12.7 mm (0.50 in.) thick flanges and 8, 6 and 4 
bolts exhibited the same trend as recorded above, with gaps of 13.7 mm 
at 44.79 kN; 17.50 mm at 44.61 kN and 29.5 mm at 41.84 kN, 
respectively. Gap variations with load are plotted in Figures 4.16 to 4.18 
for unstiffened monopole with 12.7 mm (0.50 in.) thick flanges and 8, 6 
and 4 bolts.
Table 4.5 presents the individual gap obtained at maximum load for each 
unstiffened monopole analyzed. As cited in stiffened monopoles, gap 
increased more when the flange thickness is reduced, than when the 
number of bolts is reduced. Excessive gaps were developed in 
unstiffened monopole with 19.05 mm (0.75 in.) thick flanges and 4 bolts 
(17.5 mm); unstiffened monopole with 12.7 mm (0.50 in.) thick flanges and 
8 bolts (13.7 mm); unstiffened monopole with 12.7 mm (0.50 in.) thick 
flanges and 6 bolts (17.5 mm); and unstiffened monopole with 12.7 mm 
(0.50 in.) thick flanges and 4 bolts (29.5 mm).
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Table 4.5: Gap for all cases of unstiffened monopole
Unstiffened
Monopole







12.7 mm (0.50in.) 
thick Flanges 
(Max. gap, mm)
8 bolts 0.542 5.21 13.7
6 bolts 0.956 9.24 17.5
4 bolts 3.34 17.5 29.5
4.2.2.3 Critical bolt force
The critical bolt forces at maximum load for unstiffened monopole with
25.4 mm (1 in.) thick flanges and 8, 6 and 4 bolts were 270 kN, 311 kN 
and 350 kN, respectively. Critical bolt force versus maximum deflection is 
shown in Figures 4.19, 4.20 and 4.21 for unstiffened monopole with 25.4 
mm (1 in.) thick flanges and 8, 6 and 4 bolts, respectively.
In unstiffened monopole with 19.05 mm (0.75 in.) thick flanges and 8, 6 
and 4 bolts, the bolt forces were 250 kN, 287 kN and 320 kN, respectively, 
and these are shown in Figures 4.22, 4.23 and 4.24.
Behaviour of bolt forces in unstiffened monopole with 12.7 mm (0.50 in.) 
thick flanges and 8, 6 and 4 bolts does not conform to that recorded for 
unstiffened monopoles with 25.4 mm (1 in.) and 19.05 mm (0.75 in.) thick 
flanges. Bolt forces in this case were 188 kN, 217 kN and 258 kN for
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unstiffened monopole with 12.7 mm (0.50 in.) thick flanges and 8, 6 and 4 
bolts. Figures 4.25 to 4.27 illustrate the bolt force trends.
4.2.2.4 Critical bolt stresses
For unstiffened monopole with 25.4 mm (1 in.) thick flanges and 8 bolts, 
bolt stresses did not increase until 40 kN; in the 6 bolts case, the increase 
started at 30 kN while the 4 bolts case remained constant till almost 20 
kN. These are shown in Figures 4.50 to 4.52. Table 4.6 presents von 
Mises and o33 values at maximum loads.
Bolt stresses in unstiffened monopole with 19.05 mm (0.75 in.) thick 
flanges and 8, 6 and 4 bolts started increasing at 25 kN, 25 kN and 15 kN, 
respectively. Refer to Table 4.6 for von Mises and cr33 values at maximum 
loads. Bolt stresses are plotted in Figures 4.53 to 4.55.
Stress results obtained in unstiffened monopole with 12.7 mm (0.50 in.) 
thick flanges and 8 and 6 bolts are found to be inconsistent with previous 
results. Table 4.6 presents the von Mises and o33 values at maximum 
loads. Load versus critical bolt stresses are shown in Figures 4.56, 4.57 
and 4.58 for unstiffened monopole with 12.7 mm (0.50 in.) thick flanges 
and 8, 6 and 4 bolts, respectively.
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Table 4.6: von Mises and 0 3 3  distributions at maximum loads in
unstiffened monopoles
Unstiffened monopole von Mises 
(MPa)
o33 (MPa)
25.4 mm (1 in.) thick flanges with 8 bolts 532 516
25.4 mm (1 in.) thick flanges with 6 bolts 556 556
25.4 mm (1 in.) thick flanges with 4 bolts 654 637
19.05 mm (0.75 in.) thick flanges with 8 bolts 642 635
19.05 mm (0.75 in.) thick flanges with 6 bolts 643 585
19.05 mm (0.75 in.) thick flanges with 4 bolts 658 545
12.7 mm (0.50 in.) thick flanges with 8 bolts 664 387
12.7 mm (0.50 in.) thick flanges with 6 bolts 637 460
12.7 mm (0.50 in.) thick flanges with 4 bolts 760 441
4.2.2.5 Yield and maximum load
The maximum loads for unstiffened monopoles with 25.4 mm (1 in.) and
19.05 mm (0.75 in.) thick flanges are found to be similar. Unstiffened 
monopole with 12.7 mm (0.50 in.) thick flanges fell slightly short of 25.4 
mm (1 in.) and 19.05 mm (0.75 in.) cases. Figure 4.59 shows the 
maximum load and flange thickness variations for all unstiffened 
monopoles. All 8 bolts and 6 bolts cases of unstiffened monopole (25.4 
mm (1 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) flange thicknesses) 
are found to be identical in terms of their maximum loads. What this 
means is that unstiffened monopole with 6 bolts case may be more 
economical provided all other factors are favorable. Likewise in Figure
68
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4.60, maximum load is found to decrease as the flange thickness reduces. 
This is true for each of 8, 6 and 4 bolts unstiffened monopole cases [i.e.,
25.4 mm (1 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) thick flanges]. 
Table 4.7 displays the maximum loads that can be supported by individual 
unstiffened monopole.
Yield loads for unstiffened monopoles are found to drop in magnitude 
when either the number of bolts used or the flange thickness is reduced. 
Figures 4.61 and 4.62 show the variation of yield load against flange 
thickness and number of bolts. Table 4.8 presents the yield loads in 
individual unstiffened monopole.
Table 4.7: Maximum loads supported by unstiffened monopoles
Unstiffened
Monopole
25.4 mm (1 in.) 
thick Flanges 
(Max. load, kN)
19.05 mm (0.75in.) 
thick Flanges 
(Max. load, kN)




8 bolts 46.7 45.5 44.8
6 bolts 46.4 45.5 44.6
4 bolts 45.8 44.3 41.8
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Table 4.8: Yield loads supported by unstiffened monopoles
Unstiffened
Monopole







12.7 mm (0.50in.) 
thick Flanges 
(Yield load, kN)
8 bolts 42.3 40.7 25.7
6 bolts 41.8 39.3 25.1
4 bolts 41.6 35.3 22.1 |
4.2.2.6 Deformation patterns
Unstiffened monopole with 25.4 mm (1 in.) thick flanges and 8, 6 and 4 
bolts experienced slight bending of the small pipe, with minimal gaps at 
the flanges. The gaps at the flanges increase as the number of bolts used 
reduces. Deformed shapes for unstiffened monopole with 25.4 mm (1 in.) 
thick flanges and 8, 6 and 4 bolts are shown in Figures 4.63 to 4.65.
Unstiffened monopole with 19.05 mm (0.75 in.) thick flanges and 8, 6 and 
4 bolts produced more bending of the small pipe. Unstiffened monopole 
with 19.05 mm (0.75 in.) thick flanges and 6 and 4 bolts cases show signs 
of minor twisting of the flange plates. These are shown in Figures 4.66, 
4.67 and 4.68.
Unstiffened monopole with 12.7 mm (0.50 in.) thick flanges and 8, 6 and 4 
bolts experienced what can be called a large deformation. The bending of 
the small pipe, gaps are excessive and are shown in Figures 4.69 to 4.71. 
In addition to these, there was excessive twisting of the flange plates.
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Figure 4.1: Load versus maximum deflection for stiffened and 








Figure 4.2: Load versus maximum deflection for stiffened and
unstiffened monopole with 6 bolts and 25.4 mm (1 in.) thick 
flanges
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Figure 4.3: Load versus maximum deflection for stiffened and 









Figure 4.4: Load versus maximum deflection for stiffened and
unstiffened monopole with 8 bolts and 19.05 mm (0.75 in.) 
thick flanges
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Figure 4.5: Load versus maximum deflection for stiffened and
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Figure 4.6: Load versus maximum deflection for stiffened and
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Figure 4.8: Load versus maximum deflection for stiffened and
unstiffened monopole with 6 bolts and 12.7 mm (0.50 in.) 
thick flanges
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Figure 4.9: Load versus maximum deflection for stiffened and















Figure 4.10: Gap versus load for stiffened and unstiffened monopole with 
8 bolts and 25.4 mm (1 in.) thick flanges
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Figure 4.11: Gap versus load for stiffened and unstiffened monopole with 







Figure 4.12: Gap versus load for stiffened and unstiffened monopole with 
4 bolts and 25.4 mm (1 in.) thick flanges
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Figure 4.13: Gap versus load for stiffened and unstiffened monopole with 
8 bolts and 19.05 mm (0.75 in.) thick flanges
Stiffened
Unstiffened
30 40 50200 10
Applied Load (kN)
Figure 4.14: Gap versus load for stiffened and unstiffened monopole with 
6 bolts and 19.05 mm (0.75 in.) thick flanges
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Figure 4.15: Gap versus load for stiffened and unstiffened monopole with 






Figure 4.16: Gap versus load for stiffened and unstiffened monopole with 
8 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 4.17: Gap versus load for stiffened and unstiffened monopole with 









Figure 4.18: Gap versus load for stiffened and unstiffened monopole with 
4 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 4.19: Bolt force versus maximum deflection for stiffened and 










Figure 4.20: Bolt force versus maximum deflection for stiffened and 
unstiffened monopole with 6 bolts and 25.4 mm (1 in.) thick 
flanges
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Figure 4.21: Bolt force versus maximum deflection for stiffened and 









Figure 4.22: Bolt force versus maximum deflection for stiffened and 
unstiffened monopole with 8 bolts and 19.05 mm (0.75 in.) 
thick flanges
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Figure 4.23: Bolt force versus maximum deflection for stiffened and 











Figure 4.24: Bolt force versus maximum deflection for stiffened and 
unstiffened monopole with 4 bolts and 19.05 mm (0.75 in.) 
thick flanges
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Figure 4.25: Bolt force versus maximum deflection for stiffened and 










Figure 4.26: Bolt force versus maximum deflection for stiffened and 
unstiffened monopole with 6 bolts and 12.7 mm (0.50 in.) 
thick flanges
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Figure 4.27: Bolt force versus maximum deflection for stiffened and 
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Figure 4.28: Load versus critical bolt stresses for stiffened monopole with 
8 bolts and 25.4 mm (1 in.) thick flanges
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Figure 4.29: Load versus critical bolt stresses for stiffened monopole with 
6 bolts and 25.4 mm (1 in.) thick flanges
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Figure 4.30: Load versus critical bolt stresses for stiffened monopole with 
4 bolts and 25.4 mm (1 in.) thick flanges
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Figure 4.31: Load versus critical bolt stresses for stiffened monopole with 
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Figure 4.32: Load versus critical bolt stresses for stiffened monopole with 
6 bolts and 19.05 mm (0.75 in.) thick flanges
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Figure 4.33: Load versus critical bolt stresses for stiffened monopole with 
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Figure 4.34: Load versus critical bolt stresses for stiffened monopole with 
8 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 4.35: Load versus critical bolt stresses for stiffened monopole with 
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Figure 4.36: Load versus critical bolt stresses for stiffened monopole with 
4 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 4.37: Maximum load versus flange thickness i 
monopoles
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Figure 4.39: Yield load versus flange thickness in stiffened monopoles
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■  0 5 0  inch Flange
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Figure 4.40: Yield load versus number of bolts in stiffened monopoles
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Figure 4.41: Deformed shape of stiffened monopole with 8 bolts and 25.4
mm (1 in.) thick flanges
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Figure 4.42: Deformed shape of stiffened monopole with 6 bolts and 25.4 
mm (1 in.) thick flanges
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Figure 4.43: Deformed shape of stiffened monopole with 4 bolts and 25.4 
mm (1 in.) thick flanges
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Figure 4.44: Deformed shape of stiffened monopole with 8 bolts and 
19.05 mm (0.75 in.) thick flanges
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Figure 4.45: Deformed shape of stiffened monopole with 6 bolts and
19.05 mm (0.75 in.) thick flanges
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Figure 4.46: Deformed shape of stiffened monopole with 4 bolts and 
19.05 mm (0.75 in.) thick flanges
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Figure 4.47: Deformed shape of stiffened monopole with 8 bolts and 12.7
mm (0.50 in.) thick flanges
S.WIsts 
(A * .  Grit : 751)
-  +156C#+03- +1.436«+05











Figure 4.48: Deformed shape of stiffened monopole with 6 bolts and 12.7 
mm (0.50 in.) thick flanges
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Figure 4.49: Deformed shape of stiffened monopole with 4 bolts and 12.7
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Figure 4.50: Load versus critical bolt stresses for unstiffened monopole 
with 8 bolts and 25.4 mm (1 in.) thick flanges
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Figure 4.51: Load versus critical bolt stresses for unstiffened monopole 
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Figure 4.52: Load versus critical bolt stresses for unstiffened monopole 
with 4 bolts and 25.4 mm (1 in.) thick flanges
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Figure 4.53: Load versus critical bolt stresses for unstiffened monopole 
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Figure 4.54: Load versus critical bolt stresses for unstiffened monopole 
with 6 bolts and 19.05 mm (0.75 in.) thick flanges
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Figure 4.55: Load versus critical bolt stresses for unstiffened monopole 
with 4 bolts and 19.05 mm (0.75 in.) thick flanges
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Figure 4.56: Load versus critical bolt stresses for unstiffened monopole 
with 8 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 4.57: Load versus critical bolt stresses for unstiffened monopole 
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Figure 4.58: Load versus critical bolt stresses for unstiffened monopole 
with 4 bolts and 12.7 mm (0.50 in.) thick flanges
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Figure 4.59: Maximum loads versus flange thickness in unstiffened 
monopoles
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B 0.50 inch Flange
8 6 4
Bolts (Nr.)
Figure 4.60: Maximum loads versus number of bolts in unstiffened 
monopoles
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Figure 4.61: Yield load versus flange thickness in unstiffened monopoles
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Figure 4.62: Yield load versus number of bolts in unstiffened monopoles
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Figure 4.63: Deformed shape of unstiffened monopole with 8 bolts and
25.4 mm (1 in.) thick flanges
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Figure 4.64: Deformed shape of unstiffened monopole with 6 bolts and 
25.4 mm (1 in.) thick flanges
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Figure 4.65: Deformed shape of unstiffened monopole with 4 bolts and
















Figure 4.66: Deformed shape of unstiffened monopole with 8 bolts and 
19.05 mm (0.75 in.) thick flanges
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Figure 4.67: Deformed shape of unstiffened monopole with 6 bolts and
19.05 mm (0.75 in.) thick flanges
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Figure 4.68: Deformed shape of unstiffened monopole with 4 bolts and 
19.05 mm (0.75 in.) thick flanges
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Figure 4.69: Deformed shape of unstiffened monopole with 8 bolts and
12.7 mm (0.50 in.) thick flanges
S .M s is
( A * .C r t . : 7 5 l )
-  +1 J978«+05
-  -t-1 53S«+05
- +13»t+CI5
-  +1259**06 
-+1 ,120*+05
- -tflBOOt+04
-  +S.405«+04 
-+7 £ ll0« + 04
-  +5 615*+04




Figure 4.70: Deformed shape of unstiffened monopole with 6 bolts and 
12.7 mm (0.50 in.) thick flanges
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Figure 4.71: Deformed shape of unstiffened monopole with 4 bolts and
12.7 mm (0.50 in.) thick flanges
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4.3 Comparison between stiffened and unstiffened monopoles
A total of eighteen (18) monopole models were analyzed in the study and 
nine (9) of these were stiffened while nine (9) were unstiffened. The 
maximum deflections at maximum loads for unstiffened monopoles were 
more than those of stiffened monopoles. The stiffeners obviously helped 
in creating more restraint against external load effect.
The maximum loads supported by stiffened monopoles were found to be 
more than those of unstiffened monopoles by an average of 3%. On the 
other hand, the yield loads produced in stiffened monopoles with 25.4 mm 
(1 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) thick flanges were more 
by 8%, 17% and 59%, respectively when compared to unstiffened cases.
Also, in terms of the deformation experienced, unstiffened monopoles 
showed more bending of the small pipe, especially in unstiffened 
monopole with 12.7 mm (0.50 in.) thick flanges cases (i.e., 8, 6 and 4 
bolts) where the flange plates also experienced severe twisting. The 
deformation in stiffened monopoles was limited to bending of the small 
pipe. Table 4.9 presents the summary of the results from individual 
monopoles under stiffened and unstiffened cases.














Table 4.9: Summary of results for stiffened and unstiffened monopoles
Stiffened Monopoles Unstiffened Monopoles








(mm/kN) 0.0029 0.00470.074 0.016 0.012 0.073
























(1) Slight bending of small pipe
(2) Fairly large bending of small pipe
(3) Large bending of small pipe
(4) Severe bending of small pipe with flange plate twisting
(5) Minor gap at critical section
(6) little gap at critical section
(7) Wide gap at critical section




SIMPLIFIED MONOPOLE CONNECTION DESIGN
5.1 General
This chapter presents the analytical approach for solving monopole 
connection design problems. Although monopoles possess good stability 
against flexure and local buckling, the structural arrangement of the 
connection influences the manner in which moment is transmitted. It is 
often necessary to decide whether to increase the flange thickness or to 
provide stiffeners in order to improve the connection’s resistance. Making 
a safe decision usually requires a thorough study of the connection 
behaviour.
This is simply saying that it is not enough to solely rely on design 




Many methods have been used to solve different connection problems, 
and one of the most common is the T-Stub method. A T-Stub simply 
consists of two T-elements connected through the flanges by means of 
one or more bolt rows. According to Faella et al. (2000), the most 
important components of bolted connections can be analyzed using the T-
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Stub model to account for the deformations due to flange in bending. The 
T-Stub procedure presented in the CISC “Handbook of Steel Construction” 
(2004) is based on the recommendations given by Kulak e t a l. (1987). 
The following equations are also presented in the Handbook for use in the 











Q Tf Tf Q
i
-------- \ ----- -----A -







Figure 5.1: Typical T-Stub model (Reproduced from CISC “Handbook of
Steel Construction, Eighth Edition).
K = (5' 1)
5 = 1 -—  (5.2)
P
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I K P f 1 + 5a (5.3)
tmin when a = 1.0; tmax when a = 0.0
0 < a <  1.0 (5.4)




(for use in equation 5.7) (5.6)a i =C 2
(5.7)
where:
K = Parameter as defined in equation (5.1)
Pf = Applied factored tensile load per bolt, (kN)
Q = Prying force per bolt at factored load, Q = Tf - Pf, (kN)
Tf = Factored load per bolt including prying (amplified bolt force),
(kN)
Tr = Factored tensile resistance of bolts, (kN)
Fy = Yield strength of flange material, (MPa)
a = Distance from bolt line to edge of tee flange, (mm)
a' = a  + y ,  (mm)
b = Distance from bolt line (gauge line) to face of tee stem, (mm)
. d . ,
b = b - — , (mm)
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d = Bolt diameter, (mm)
d ‘ = Nominal hole diameter, (mm)
n = Number of flange bolts in tension
p = Length of flange tributary to each bolt, or bolt pitch, (mm)
t = Thickness of flange, (mm)
a = Ratio of sagging moment at bolt line to hogging moment at
stem of tee
6 = Ratio of net to gross flange area along a longitudinal line of 
bolts
<t> = Resistance factor for the tee material, (0.9)
The design steps recommended in the CISC Handbook are outlined
below:
• Select an intended number and size of bolts as a function of the 
applied factored tensile load per bolt P f and the anticipated prying ratio.
• Apply equations 5.1, 5.2 and 5.3 (with a = 0.0 and a = 1.0) to identify a 
range of acceptable flange thicknesses, since Pf, bolt size and trial 
values of b‘ and p are known.
• Identify an intended flange thickness.
5.2.1.1 Example 1 (Unstiffened)
Apply the T-Stub method to design the unstiffened monopole flange 
connection shown in Figure 5.2 below. Determine the flange thickness
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and select a reasonable ASTM A325 bolt size. Use eight (8), six (6) and 
four (4) bolts for a total applied load of 960 kN. The yield strength of the 
flange plate, Fy = 365 MPa.
Figure 5.2: Details of unstiffened flange plate.
Unstiffened monopole connected with 8 bolts:
Applied load per bolt = 55°. = 120 kN = Pf
8
It is assumed that force is equally distributed in bolts.
Assume M22 bolts, d = 22 mm, d1 = 24 mm, Tr = 158 kN.
Available prying ratio I t -  is 15®. = 1.32 (OK)
a pf 120
b =  (256.35 - 185 .7) = 3 5  33  mm 
2
b' = ^35.33 - ~ j  =  24.33 mm
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a '= /  35.33+ y -  \  = 4 6 .3 3 mm
p =  = 100.7 mm 
M 8
K = 2.94 
5 = 0.762 
tmin = 14.5 mm, 
tm a x =  18.78 mm
Use a flange thickness of 17 mm 
a = 0.523 
Using eqn. (5.5)
Connection capacity = 137.5 kN > 120 kN (OK)
Using eqn. (5.6)
Oi = 0.29 
Using eqn. (5.7)
Tf = 131.4 kN < 158 kN (OK)
Unstiffened monopole connected with 6 bolts
Applied load per bolt = = 160 kN = Pf
Assume M22 bolts
Prying ratio = = 0.99
y a 160
b = 35.33 mm 
b' = 24.33 mm
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a' = 46.33 mm




tmin = 13.9 mm; tmax = 18.8 mm 
Use a flange thickness of 16 mm 
a = 0.291 
Using eqn. (5.5)
Connection capacity = 143.51 kN < 160 kN
Thus, try M24 bolts, d = 24 mm, d' = 27 mm, Tr = 188 kN
Available prying ratio = 1.18
Pf
b = 35.33 mm 
b‘ = 23.33 mm 
a' = 47.33 mm 
p = 134.22 mm 
K = 2.12 
6 = 0.799
tmin = 13.73 mm; tmax = 18.42 mm 
Use a flange thickness of 16 mm. 
a = 0.467 
Using eqn. (5.5)
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Using eqn. (5.6) 
ai = 0.407 
Using eqn. (5.7)
Tf = 179.35 kN < 188 kN
Unstiffened monopole connected with 4 bolts
Applied load per bolt = = 240 kN = Pf
For uniformity, try M22 bolts first.
1S8
Prying ratio i s  = 0.66
y a 240
b = 35.33 mm
b' = 24.33 mm
a1 = 46.33 mm
p = 1H L = 201.34 mm
K = 1.47 
5 = 0.881
tmin = 13.7 mm; tmax = 18.78 mm
Use a flange thickness of 16 mm. 
a = -0.069 
Using eqn. (5.5)
Connection capacity = 163.56 kN < 240 kN 
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Available prying ratio i s  = 1.23
K 1 *  240
b = 35.33 mm
b' = 20.33 mm
a' = 50.33 mm
p = 201.34 mm
K = 1.23
6 = 0.831
tmin = 12.7 mm; tmax = 17.18 mm 
Use a flange thickness of 15 mm. 
a = 0.525 
Using eqn. (5.5)
Connection capacity = 262.73 kN > 240 kN (OK)
Using eqn. (5.6) 
ch = 0.375 
Using eqn. (5.7)
Tf = 263.03 kN < 295 kN (OK)
Table 5.1 summarizes the results obtained from the T-Stub design
procedure of the unstiffened monopole described in design problem 1.
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Table 5.1: Summary of T-Stub design result of unstiffened flanges with
8, 6 and 4 bolts.
Unstiffened
monopole






8 bolts 1 M22 17 (OK)
2 - - -
6 bolts 1 M22 16 (Not OK)
2 M24 16 (OK)
4 bolts 1 M22 16 (Not OK)
2 M30 15 OK
Based on the M22 bolt size selected, the table shows that the connection 
will be satisfactory only when 8 bolts are used. Using either 6 or 4 bolts 
will not be sufficient for the connection, in spite of the fact that the flange 
thicknesses obtained in all cases are almost the same. The reason for the 
similar flange thicknesses is that the procedure clearly emphasizes the 
need to eliminate or minimize the effect of prying force, and this has been 
taken into consideration in the T-Stub model.
Alternatively, the number of bolts used may be reduced to either six (6) or 
four (4) if the bolt sizes are increased to M24 (24 mm diameter) and M30 
(30 mm diameter), respectively as presented in Table 5.1.
5.2.1.2 Example 2 (Stiffened)
Determine the flange thickness and bolt size for the stiffened monopole
flange connection shown in Figure 5.3 using the T-Stub design procedure.
1*
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The total applied load is 960 kN and the yield strengths are 365 MPa and 
396 MPa for flange and stiffeners, respectively. Compare results for 8, 6 
and 4 bolts cases.
JKUXL
(a) (b)
Figure 5.3: Details of stiffened flange plate.
The stiffened case is similar to the unstiffened case except for the 
presence of stiffeners. It is assumed that the stiffeners will produce a 
reduction in flange plate thickness that is equivalent to the total volume of 
the stiffeners when inclined at 30° to the flange plate as shown in Figure 
5.3(b).
Stiffened connection with 8 bolts
Number of stiffeners = 4 
Assume M22 bolts
Stiffeners volume = ( 1/2  x 77.8 x 38.9 x 12.7) x 4 = 76871.07 mm3 
Flange plate net area = tt(163.52 - 85.752 - 8 x 122) = 57262.4 mm2
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Equivalent flange thickness of stiffeners = 1.34 mm
Residual flange thickness = (17 -1 .3 4 ) mm = 15.66 mm
Use a flange thickness of 16 mm
b = 35.33 mm
b' = 24.33 mm
a' = 46.33 mm





Connection capacity = 133.59 kN > 120 kN (OK) 
Using eqn. (5.6) 
ch = 0.496 
Using eqn. (5.7)
Tf = 137.28 kN < 158 kN
Stiffened connection with 6 bolts
Number of stiffeners = 2
Assume M22 bolts
Stiffeners volume = 38435.54 mm3
Flange plate net area = 58167.18 mm2
Equivalent flange thickness of stiffeners = 0.66 mm
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Residual flange thickness = (16 - 0.66) mm = 15.34 mm
Use a flange thickness of 14 mm
b = 35.33 mm
b' = 24.33 mm
a1 = 46.33 mm





Connection capacity = 138.67 kN < 160 kN (Not OK)
Try M24 bolt; d = 24 mm, d1 = 27 mm, Tr = 188 kN 
b = 35.33 mm 
b' = 23.33 mm 
a' = 47.33 mm 
p = 134.22 mm 
K = 2.12 
5 = 0.799
Flange plate net area = tt (163.52 - 85.752 - 6 x 13.52) = 57446.18 mm2 
Equivalent flange thickness of stiffeners = 0.67 mm 
Residual flange thickness = (16 - 0.67) mm = 15.33 mm 
Use a flange thickness of 15 mm 
a = 0.647
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Using eqn. (5.5)
Connection capacity = 161 kN > 160 kN (OK)
Using eqn. (5.6)
Oi = 0.635 
Using eqn. (5.7)
Tf = 186.55 kN < 188 kN (OK)
Stiffened connection with 4 bolts
Number of stiffeners = 4
Assume M22 bolts
Stiffeners volume = 76871.07 mm3
Flange plate net area = tr (163.52 - 85.752 - 4 x 122) = 59071.96 mm2
Equivalent flange thickness of stiffeners = 1.30 mm
Residual flange thickness = (16 -1.30) mm = 14.7 mm
Use a flange thickness of 15 mm
b = 35.33 mm
b‘ = 24.33 mm
a' = 46.33 mm
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Connection capacity = 156.3 kN < 240 kN (Not OK)
Try M30 bolt; d = 30 mm, d1 = 34 mm, Tr = 295 kN 
b = 35.33 mm 
b' = 20.33 mm 
a1 = 50.33 mm 
p = 201.34 mm 
K = 1.23 
5 = 0.831
Flange plate net area = tt (163.52 - 85.752 - 4 x 172) = 57249.83 mm2
Equivalent flange thickness of stiffeners = 1.34 mm
Residual flange thickness = (15 -1.34) mm = 13.66 mm
Use a flange thickness of 14 mm
a = 0.730
Using eqn. (5.5)
Connection capacity = 256.02 kN > 240 kN (OK)
Using eqn. (5.6) 
ai = 0.609 
Using eqn. (5.7)
Tf = 272.58 kN < 295 kN (OK)
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Table 5.2: Summary of T-Stub design result for stiffened flange with 8,
6 and 4 bolts.
Stiffened
monopole








8 bolts 1 M22 16 4 (OK)
2 - - - -
6 bolts 1 M22 15 2 (Not OK)
2 M24 15 2 (OK)
4 bolts 1 M22 15 4 (Not OK)
2 M30 14 4 (OK) [
From Table 5.2, it will be observed that the reduction in the number of 
bolts used has little or no effect on the flange thickness obtained. The 
flange thicknesses obtained for the stiffened example have been reduced 
by an average of 7% from the thicknesses obtained for the unstiffened 
case.
5.2.2 Yield line method
The yield line method basically considers the yield pattern of the 
connection for design purpose. The first step in this method is to identify 
the yield line. These are then incorporated into the design equations. 
Figure 5.4 shows the yield curves on a circular hollow section - flange 
plate as defined by Dutta (2002). The following equations were also 
presented by Dutta (2002) for the computation of flange plate thickness 
and number of bolts.
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Figure 5.4: Circular Flange plate showing yield lines (Reproduced from
Dutta, 2002)
Thickness of flange plate (tf):
t 2 - W i . s d  • yMo
f ~  f }, P - n . f i  (5.8)
Number of bolts (n):
Af'^ [ 1"7r+/3-ln(ri/r2]^ °
T u
Where:
Ni.sd = Axial tensile force
fy p = Yield strength of the flange plate material
Ymo = Partial safety factor
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f3 = to be read from figure B-1 in Appendix B for eqn. (5.9) or to be 
computed for eqn. (5.8) from:
Tu = Ultimate design tensile resistance of a high strength bolt 
e2, ei = Edge distance 
Pf = Tensile force in high strength bolt 
R = Prying force
The above equations are based on the assumptions that:
• The flange plate connection fails by large plastic deformation of the
ring-shaped flange plate and not by the rupture of the high strength 
bolts.
• The plastic strength of the flange plate connection has two circular
yield curves with radii n and r2 (as shown in Figure 5.4).
• The yield strength is reached by the application of external load.
(5.10)
k3 = 2 + ki(k2 + 1) - k2
r2 = ( ^ -  + e,)
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.2.2.1 Example 3 (Unstiffened)
Determine the flange plate thickness and the required number of ASTM 
A325 (M22) bolts for the connection shown in Figure 5.2 using the yield 
line equations above. The total axial force is 960 kN. The bolt tensile 
resistance (Tu) and flange plate yield strength (fy,p) are 158 kN and 365 
MPa, respectively.
r1 =  = 163.5 mm
2






k2 = = 0.960
89.3
kg = 2 + 0.361 (0.96 + 1) - 0.96 = 1.748
f3 =
1.748 +VT77482 - 4x0.361(1 + 0.361 x0 .96 ) _ g 8Q1 
2x0.361
Using eqn. (5.8)
Use a flange thickness of 22 mm.
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From Figure B-1 (Appendix B)
(d, - t , )  _ (185.7-7.1) _ Q72
(d1- t 1+ 2 e 1) (185.7-7.1 + 2x35.325)
Thus, f3 = 7.
Using eqn. (5.9), M22 bolt, Tu = 158 kN (From CISC Steel Handbook) 
n £ 9.65
Use 10 Nr. M22 bolts.
When M24 bolt is used, 8 Nr. will be required and similarly, when M27 bolt 
is used, 6 Nr are required.
5.2.2.2 Example 4 (Stiffened)
When stiffeners are used for the design Example 4, the same procedure 
of accounting for the equivalent flange thickness of the stiffeners 
(introduced in Example 2) may be applied.
Computed Nr. of bolts (from Example 3) = 10 Nr. M22 bolts.
Computed flange thickness (from Example 3) = 21.78 mm
Stiffeners volume (for 4 Nr.) = 76871.07 mm3
Flange plate net area = tt(163.52 - 85.752 - 10 x 122) = 56357.62 mm2
Equivalent flange thickness of stiffeners = 1.36 mm
Residual flange thickness = (21.78 - 1.36) mm = 20.42 mm
Use a flange thickness of 20 mm
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The methods of bolted connection design presented in this chapter are 
meant to provide guidance before the full evaluation of the connection is 
embarked upon. For instance, theoretical design procedure will assist the 
designer in determining the acceptable upper a n d  lower bounds of flange 
thicknesses and number of bolts. Based on this, a complete evaluation of 
the connection is then carried out to arrive at an optimum solution.





This chapter presents the conclusions drawn from the study; and 
recommendation for future research. The study investigated the 
parametric effect of changing the flange plate thickness or the number of 
bolts in a connection using finite element technique. Monopoles with 25.4 
mm (1 in.), 19.05 mm (0.75 in.) and 12.7 mm (0.50 in.) thick flanges, each 
bolted in turn with 8, 6 and 4 bolts were analyzed in the study. The effect 
of stiffeners was also considered in the finite element analysis.
Some design problems were also solved using analytical equations from 
the CISC Handbook and available literature. The design methods used 
were based on the T-Stub and yield line theories.
6.2 Conclusions
Based on the above, the following conclusions were arrived at:
• Stiffened monopoles on the average are found to have just 2% more 
load carrying capacity than unstiffened monopoles. Stiffened 
monopoles with 8 bolts have 9% more load carrying capacity than 
those with 6 bolts; and 6 bolts stiffened monopoles have 4% more load 
carrying capacity than 4 bolts stiffened monopoles. Eight (8) and six
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(6) bolts unstiffened monopoles have the same load carrying capacity; 
and 6 bolts unstiffened monopoles can support 4% more load than 4 
bolts unstiffened monopoles. The average yield loads in 12.7 mm 
(0.50 in.) thick unstiffened monopole (with 8, 6 and 4 bolts) was 25 kN 
and it was found to be 40% lower than the average yield loads 
obtained in the other models analyzed.
There was no significant change in the amount of deflection 
experienced at the free end of the monopole when either 8, 6 or 4 bolts 
are used in stiffened or unstiffened monopoles. The average reduction 
in the free end deflection for unstiffened monopoles was 55% when 
stiffeners are used. Gaps increase more when flange thicknesses are 
reduced, than when number of bolts is decreased; and the average 
gap produced in unstiffened monopoles was decreased by 64% in 
stiffened monopoles. Large deformation occurred in 12.7 mm (0.50 
in.) thick unstiffened monopole (with 8, 6 and 4 bolts) because the 
flange plates were too thin for the connection; and also, there were no 
stiffeners to limit the local buckling of the flange plates and the small 
pipe.
Among the monopole models analyzed, the optimum solution of the 
unstiffened monopole is found to either be 1.0 in. thick flanges 
connected with 4 bolts or 19.05 mm (0.75 in.) thick flanges connected 
with 6 bolts. Stiffened monopole has an optimum solution in 12.7 mm 
(0.50 in.) thick flanges connected with 8 bolts, 25.4 mm (1 in.) thick
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flanges connected with 4 bolts or 19.05 mm (0.75 in.) thick flanges 
connected with 6 bolts.
• The results obtained from the T-Stub and yield line design examples 
showed the same trend with those obtained from the parametric 
analyses. The methods are useful in establishing/determining certain 
design parameters prior to evaluation of connection behaviour.
6.3 Recommendation
It is recommended that further investigation be carried out to determine 
the effect of increasing the small pipe thickness on the connection. This is 
because the monopoles used in the present study failed by bending of the 
small pipe; and the recommended study is intended to determine the 
possibility of eliminating or minimizing the bending in the small pipe 
without jeopardizing the stability of the connection.
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APPENDIX A
Sample Finite Element input file generated for Stiffened monopole with 8 bolts and 25.4
mm (1 in.) thick flanges
‘ Heading
MONOPOLE CONNECTION WITH 1-INCH THICK FLANGES
“  Job  nam e: Stiff8-1 in Model name: Monopole25mm 
* *
“  PARTS 
★ *
‘ Part, name=Bolt 
‘ End Part
‘ Part, name=Large-Pipe 
‘ End Part
‘ Part, name=Small-Pipe
‘ End Part 
* *
“  ASSEMBLY 
★ *
‘ Assembly, name=Assembly 
★ *
‘ Instance, name=Small-Pipe-l, part=Small-Pipe 
‘ Node
1, 0., 3.03, 20.25
10297, -0.1798549, -6.371949, 0.5
‘ Element, type=C3D8l 
1, 256,2235,7517,2197, 1, 167,2083, 210
6867, 10297, 10271, 10272, 10295, 7506, 7480, 7481, 7504 
“  Region: (Section-Pipe:Picked)
‘ Elset, elset=_l 1, internal 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16
5873, 5874, 5875, 5876, 5877, 5878, 5879, 5880, 5881, 5882, 5883, 5884, 5885, 5886, 
5887, 5888
5889, 5890, 5891, 5892, 5893, 5894, 5895, 5896 
“  Section: Section-Pipe 
‘Solid Section, e lse t=J l, material=Pipe-Steel
1.,
“  Region: (Section-Flange:Picked)
‘ Elset, elset=J2, internal
2161, 2162, 2163, 2164, 2165, 2166, 2167, 2168, 2169, 2170, 2171, 2172, 2173, 2174, 
2175,2176
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6841, 6842, 6843, 6844, 6845, 6846, 6847, 6848, 6849, 6850, 6851, 6852, 6853, 6854, 
6855, 6856
6857, 6858, 6859, 6860, 6861, 6862, 6863, 6864, 6865, 6866, 6867, 6868 
“  Section: Sect ion-Flange 
‘ Solid Section, elset=J2, material=Flange-Steel
1.,
‘ End Instance 
* *
‘ Instance, nam e=Bolt-l, part=Bolt 
-1.82386923865202, 4.40320985194879, 1.
‘ Node
1, -0.531, 0., 0.
710, -0.1850444, 0.1612706, 0.305
711, -0.02700325, 0.1661313, 0.305 
‘ Element, type=C3D8R
1, 431, 430, 432, 440, 114, 113, 115, 123 
512, 103, 383, 384, 102, 424, 681, 682, 425 
“  Region: (Section-Bolt:Picked)
‘ Elset, elset=_ll, internal, generate 
1, 512, 1
“  Section: Section-Bolt 
‘ Solid Section, elset=_ll, material=Bolt-Steel
1.,
‘ Node
712, 0 „ 0„ 0.
‘ Nset, nset=_B-l_blrn_, internal 
712,
‘ End Instance
‘ Instance, name=Bolt-2, part=Bolt 
-4.40320985194879, 1.82386923865202, 1.
‘ Node
1, -0.531, 0., 0.
711, -0.02700325, 0.1661313, 0.305
‘ Element, type=C3D8R 
1, 431, 430, 432, 440. 114, 113, 115, 123
512, 103, 383, 384, 102, 424, 681, 682, 425 
“  Region: (Section-Bolt:Picked)
‘ Elset, elset=_ll, internal, generate 
1, 512, 1
“  Section: Section-Bolt 
‘ Solid Section, elset=_ll, material=Bolt-Steel
1.,
‘ Node
712, 0., 0., 0.
‘ Nset, nset=_B-2_blrn_, internal 
712,
1 3 7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
*End Instance 
★ *
‘ Instance, name=Bolt-3, part=Bolt 
-4.40320985194879, -1.82386923865202, 1.
‘ N ode
1, -0.531, 0., 0.
711, -0.02700325, 0.1661313, 0.305
‘ Element, type=C3D8R
1,431,430, 432,440, 114, 113, 115, 123
512, 103, 383, 384, 102, 424, 681, 682, 425 
“  Region: (Section-Bolt:Picked)
‘ Elset, e lse t=J l, internal, generate 
1, 512, 1
“  Section: Section-Bolt 
‘ Solid Section, elset=_ll, material=Bolt-Steel
1.,
‘ Node
712, 0., 0., 0.
‘ Nset, nset=_B-3_blrn_, internal 
712,
‘ End Instance
‘ Instance, name=Bolt-4, part=Bolt
-1.82386923865202, -4.4032098519488, 1.
‘ Node
1, -0.531, 0 „ 0.
711, -0.02700325, 0.1661313, 0.305
‘ Element, type=C3D8R
1,431,430, 432,440, 114, 113, 115, 123
512, 103, 383, 384, 102, 424, 681, 682, 425 
“  Region: (Section-Bolt:Picked)
‘ Elset, e lse t=J l, internal, generate  
1, 512, 1
“  Section: Section-Bolt 
‘ Solid Section, elset=_ll, material=Bolt-Steel
1.,
‘ Node
712, 0., 0., 0.
‘ Nset, nset=_B-4_blrn_, internal 
712,
‘ End Instance 
★ ★
‘ Instance, nam e=Large-Pipe-l, part=Large-Pipe 
0., 2.04822177157395e-16, -1.
‘ Node
1, 0., 6.375, -17.5625
7403, -0.1250256, -6.186736, -38.28125
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7404, -0.1250256, -6.186736, -41.73438 
‘ Element, type=C3D8l 
1, 226, 1621,5624, 1583, 1, 145, 1545, 184
4693, 1183, 4721, 1192, 114, 5617, 7404, 5623, 1541
4694, 4721, 1175, 107, 1192, 7404, 5620, 1542, 5623 
‘ Element, type=C3D8R
1841, 25, 549,3299, 560, 574,3319,6403,3309
3590, 6883, 4706, 4707, 6934, 4492, 1162, 1161, 4543 
“  Region: (Section-Pipe:Picl<ed)
‘ Elset, e lse t=J l, internal
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16
4675, 4676, 4677, 4678, 4679, 4680, 4681, 4682, 4683, 4684, 4685, 4686, 4687, 4688, 
4689, 4690
4691, 4692, 4693, 4694 
“  Section: Section-Pipe 
‘ Solid Section, elset=_ll, material=Pipe-Steel
1.,
“  Region: (Section-Flange:Picked)
‘ Elset, elset=J2, internal
1841, 1842, 1843, 1844, 1845, 1846, 1847, 1848, 1849, 1850, 1851, 1852, 1853, 1854, 
1855, 1856
3573, 3574, 3575, 3576, 3577, 3578, 3579, 3580, 3581, 3582, 3583, 3584, 3585, 3586, 
3587, 3588 
3589, 3590
“  Section: Section-Flange 
‘ Solid Section, elset=J2, material=Flange-Steel
1.,
‘ End Instance
‘ Nset, nset=Bolt-Surfl, instance=Bolt-l 
2, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37 
138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153
154, 155, 156, 157, 158, 159, 160, 161, 162
‘ Elset, elset=Bolt-Surf 1, instance=Bolt-l, generate  
129, 160, 1
‘ Nset, nset=Bolt-Surf2, instance=Bolt-2 
2, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37 
138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153
154, 155, 156, 157, 158, 159, 160, 161, 162
‘ Elset, elset=Bolt-Surf2, instance=Bolt-2, generate  
129, 160, 1
‘ Nset, nset=Bolt-Surf3, instance=Bolt-3 
2, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37
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138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153
154, 155, 156, 157, 158, 159, 160, 161, 162
‘ Elset, elset=Bolt-Surf3, instance=Bolt-3, generate 
129, 160, 1
‘ Nset, nset=Bolt-Surf4, instance=Bolt-4 
2, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37 
138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153
154, 155, 156, 157, 158, 159, 160, 161, 162
*Elset, elset=Bolt-Surf4, instance=Bolt-4, generate 
129, 160, 1
*Nset, nset=Large-DispEdgel, instance=Large-Pipe-l 
29, 32, 59, 68, 568, 569, 570, 571, 572, 707, 779 
*Elset, elset=Large-DispEdgel, instance=Large-Pipe-l 
1853, 1855, 1857, 1859, 1861, 1863, 2207, 2208, 2498, 2500 
*Nset, nset=Large-DispEdge2, instance=Large-Pipe-l 
46, 47, 56, 94,618,619,620,621,622,700,897 
*E!set, elset=Large-DispEdge2, instance=Large-Pipe-l 
1902, 1904, 1906, 1908, 1910, 1912, 2199, 2200, 2807, 2809 
*Nset, nset=LPipe-boundarynodes, instance=Large-Pipe-l 
109, 110, 112, 113, 117, 118, 120, 121, 125, 126, 127, 129, 130, 131,1179, 
1187
4893, 4894, 4895, 4896, 4897, 4898, 4899, 4900, 4901, 4902, 5036, 5037, 5038, 5039, 
5040, 5041
5042, 5043, 5044, 5045, 5046, 5047, 5048, 5049, 5050, 5051, 5052, 5053, 5054 
*Elset, elset=LPipe-boundarynodes, instance=Large-Pipe-l 
3597, 3598, 3605, 3606, 3613, 3614, 3621, 3622, 3629, 3630, 3637, 3638, 3699, 3700, 
3701, 3702
3871, 3872, 3873, 3874, 3875, 3876, 3877, 3878, 3939, 3940, 3941, 3942, 3943, 3944, 
3945, 3946
3947, 3948, 3949, 3950, 3951, 3952, 3953, 3954, 3955, 3956, 3957, 3958 
*Nset, nset=DispEdges, instance=Small-Pipe-l 
134, 137, 138, 139, 142, 143, 144, 145, 146, 148, 149, 150, 155, 162, 165, 
166
2018, 2019, 2020, 2021, 2022, 2023, 2059, 2060, 2061, 2062, 2063, 2064, 2065, 2066, 
2067, 2068
2073, 2074, 2075, 2076, 2077, 2078, 2079, 2080, 2081, 2082 
*Nset, nset=DispEdges, instance=Large-Pipe-l 
29, 32, 46, 47, 55, 56, 59, 60, 63, 64, 65, 68, 69, 75, 76, 77
--------------------------------------------------------------------------- 1127, 1128, 1129, 1130, 1131,
1132, 1133, 1134, 1135, 1136, 1137, 1138, 1139, 1140, 1141, 1142 
*Elset, elset=DispEdges, instance=Small-Pipe-l
5897, 5899, 5901, 5903, 5914, 5916, 5918, 5920, 5922, 5924, 5926, 5928, 5930, 5932, 
5934, 5936
6758, 6762, 6766, 6770, 6774, 6778, 6782, 6786, 6787, 6789, 6791, 6792, 6831, 6835, 
6839, 6843
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6847, 6851, 6855, 6859, 6864, 6865, 6866, 6868 
*Elset, elset=DispEdges, instance=Large-Pipe-l
1853, 1855, 1857, 1859, 1861, 1863, 1902, 1904, 1906, 1908, 1910, 1912, 2198, 2199, 
2200, 2205
---------------------------------------------------------------------------3421, 3423, 3425, 3427, 3429,
3431, 3433, 3435, 3437, 3439, 3441, 3443, 3445, 3447, 3449, 3457 
3458, 3475, 3485, 3487, 3507, 3508, 3509, 3523, 3541, 3551, 3553 
*Nset, nset=Larg©-DispEdg©3, instance=Large-Pipe-l 
55, 56, 59, 60, 75, 76, 77,699,708,1028,1029,1030,1031,1032,1033,
1034
1035, 1036, 1037, 1113, 1114, 1115, 1116, 1117, 1118, 1119, 1120, 1121, 1122, 1123 
*Elset, elset=Large-DispEdg©3, instance=Large-Pipe-l
2198, 2200, 2205, 2207, 2509, 2511, 3040, 3041, 3042, 3048, 3064, 3066, 3068, 3071, 
3072, 3100
3114, 3457, 3458, 3475, 3485, 3487, 3507, 3508, 3509, 3523, 3541, 3551, 3553 
*Nset, nset=Large-DispEdge4, instance=Large-Pipe-l 
63, 64, 65, 68, 69, 93, 94, 780,896,1009,1010,1011,1012,1013,1014,
1015
1016, 1017, 1018, 1019, 1020, 1021, 1022, 1023, 1024, 1025, 1026, 1027, 1124, 1125, 
1126, 1127
1128, 1129, 1130, 1131, 1132, 1133, 1134, 1135, 1136, 1137, 1138, 1139, 1140, 1141, 
1142
*Elset, elset=Large-DispEdg©4, instance=Large-Pipe-l
2215, 2216, 2499, 2500, 2809, 2810, 3155, 3156, 3157, 3158, 3159, 3160, 3161, 3162, 
3163,3164
3165, 3166, 3167, 3168, 3169, 3170, 3171, 3172, 3173, 3174, 3411, 3413, 3415, 3417, 
3419, 3421
3423, 3425, 3427, 3429, 3431, 3433, 3435, 3437, 3439, 3441, 3443, 3445, 3447, 3449 
*Nset, nset=Small-DispEdgel, instance=Small-Pipe-l 
143, 144, 165, 1747, 2062, 2063, 2064, 2065, 2066, 2067, 2068 
‘ Elset, elset=Small-DispEdgel, instance=Small-Pipe-l 
6015, 6023, 6758, 6762, 6766, 6770, 6774, 6778, 6782, 6786 
*Nset, ns©t=Small-DispEdg©2, instance=Small-Pipe-l 
145, 146, 166, 1756, 2073, 2074, 2075, 2076, 2077, 2078, 2079 
*Elset, elset=Small-DispEdge2, instance=Small-Pipe-l 
6031, 6039, 6831, 6835, 6839, 6843, 6847, 6851, 6855, 6859 
*Nset, nset=Small-DispEdge3, instance=Small-Pipe-l 
111, 134, 137, 138, 139, 142, 144, 145,1683,1684,1690,1691,1692,1693,1694, 
1695
1696, 1697, 1698, 1699, 1700, 1727, 1728, 1729, 1730, 1731, 1732, 1733, 1734, 1735, 
1736, 1737
1744, 1745, 1746, 1749, 1750, 1751 
*Elset, elset=Small-DispEdge3, instance=Small-Pipe-l
5897, 5899, 5901, 5903, 5914, 5916, 5918, 5920, 5922, 5924, 5926, 5928, 5930, 5932, 
5934, 5936
5985, 5987, 5989, 5991, 5993, 5995, 5997, 5999, 6001, 6003, 6005, 6007, 6017, 6019, 
6021, 6023
6025, 6027, 6029, 6031
*Nset, nset=Small-DispEdge4, instance=Small-Pipe-l 
107, 148, 149, 150, 155, 162, 165, 166,1767,1768,1861,1862,1863,1864,1865, 
1866
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1867, 1868, 1869, 1870, 1871, 1872, 1873, 1874, 1875, 1876, 1877, 1878, 1879, 2007, 
2008, 2009
2010, 2011, 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019, 2020, 2021. 2022, 2023, 
2059, 2060 
2061, 2080, 2081, 2082
‘ Elset, elset=Small-DispEdge4, instance=Small-Pipe-l
6075, 6077, 6079, 6080, 6290, 6291, 6305, 6312, 6315, 6316, 6317, 6318, 6319, 6344, 
6347, 6355
6358, 6361, 6362, 6399, 6401, 6402, 6403, 6404, 6593, 6595, 6596, 6607, 6608, 6609, 
6610, 6622
6623, 6634, 6635, 6636, 6637, 6657, 6670, 6673, 6676, 6677, 6787, 6789, 6791, 6792, 
6864, 6865 
6866, 6868
*Nset, nset=Load-nodes, instance=Small-Pipe-l 
56, 73, 82, 99, 1002, 1003, 1004, 1005, 1006, 1007, 1008, 1084, 1085, 1086, 1304, 
1305
1306, 1307, 1308, 1309, 1310, 1311, 1312, 1313, 5634, 5635, 5636, 5637, 5638, 5639, 
5640, 5641
5642, 5643, 5644, 5645, 5646, 5647, 5648, 5649, 5650, 5651, 5652, 5653, 5654 
‘ Elset, elset=Load-nodes, instance=Small-Pipe-l, generate 
4161, 4192, 1
‘ Nset, nset=SYMM-BC, instance=Small-Pipe-l 
1, 4, 7, 8, 18, 19, 21, 22, 64, 65, 66, 67, 68, 69, 76, 77
6667, 6668, 6669, 6670, 6671, 6672, 6673, 6674, 6675, 6792, 6793, 6794, 6795, 6796, 
6797, 6798
6890, 6900, 7467, 7468, 7469, 7470, 7471, 7472, 7473, 7507, 7508, 7509, 7510, 7511, 
7512, 7513
‘ Nset, nset=SYMM-BC, instance=Large-Pipe-l 
1, 4, 7, 8, 9, 12, 15, 16, 25, 28, 29, 32, 42, 43, 46, 47
4715, 4716, 4717, 4729, 4730, 4731, 5592, 5593, 5594, 5602, 5603, 5604, 5612, 5613, 
5614, 5621 
5622, 5623
‘ Elset, elset=SYMM-BC, instance=Small-Pipe-l
1, 5, 9, 13, 17, 21, 25, 29, 33, 37, 41, 45, 49, 53, 57, 61
6732, 6736, 6740, 6744, 6748, 6758, 6762, 6766, 6770, 6774, 6778, 6782, 6786, 6793, 
6797, 6801
6805, 6809, 6813, 6817, 6821, 6831, 6835, 6839, 6843, 6847, 6851, 6855, 6859 
‘ Elset, elset=SYMM-BC, instance=Large-Pipe-l 
1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29, 31
4647, 4649, 4651, 4653, 4655, 4657, 4659, 4661, 4664, 4666, 4668, 4670, 4672, 4674, 
4676, 4678
4681, 4682, 4685, 4686, 4689, 4690, 4693, 4694
‘ Elset, elset=_SF-topl_Sl. internal, instance=Small-Pipe-l, genera te
6109, 6126, 1
‘ Surface, type=ELEMENT, name=SF-topl 
_SF-topl_Sl, SI
‘ Elset, elset=_SF-top2_Sl, internal, instance=Small-Pipe-l, genera te
142
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6255, 6271, 1
‘ Surface, type=ELEMENT, name=SF-top2 
_SF-top2_Sl, SI
‘ Elset, elset=_SF-top3_Sl, internal, instance=Small-Pipe-l, generate 
6435, 6450, 1
‘ Surface, type=ELEMENT, name=SF-top3 
_SF-top3_Sl, SI
‘ Elset, elset=_SF-top4_Sl, internal, instance=Small-Pipe-l, genera te  
6559, 6575, 1
‘ Surface, type=ELEMENT, name=SF-top4 
_SF-top4_Sl, SI
‘ Elset, elset=_Bolt-bottoml_S2, internal, instance=Bolt-l, genera te  
321, 336, 1
‘Surface, type=ELEMENT, nam e=Bolt-bottom l 
_Bolt-bottom  1 _S2, S2
‘ Elset, elset=_Bolt-bottom2_S2, internal, instance=Bolt-2, genera te  
321, 336, 1
‘ Surface, type=ELEMENT, name=Bolt-bottom2 
_Bolt-bottom2_S2, S2
‘ Elset, elset=_Bolt-bottom3_S2, internal, instance=Bolt-3, generate 
321, 336, 1
‘ Surface, type=ELEMENT, name=Bolt-bottom3 
_Bolt-bottom3_S2, S2
‘ Elset, elset=_Bolt-bottom4_S2, internal, instance=Bolt-4, genera te  
321, 336, 1
‘ Surface, type=ELEMENT, name=Bolt-bottom4 
_Bolt-bottom4_S2, S2
‘ Elset, elset=_Bolt-topl_S2, internal, instance=Bolt-l, genera te  
449, 464, 1
‘ Surface, type=ELEMENT, nam e=Bolt-topl 
_Bolt-topl_S2, S2
‘ Elset, elset=_Bolt-top2_S2, internal, instance=Bolt-2, genera te  
449, 464, 1
‘ Surface, type=ELEMENT, name=Bolt-top2 
_Bolt-top2_S2, S2
‘ Elset, elset=_Bolt-top3_S2, internal, instance=Bolt-3, genera te  
449, 464, 1
‘ Surface, type=ELEMENT, name=Bolt-top3 
_Bolt-top3_S2, S2
‘ Elset, elset=_Bolt-top4_S2, internal, instance=Bolt-4, genera te  
449, 464, 1
‘ Surface, type=ELEMENT, name=Bolt-top4 
_Bolt-top4_S2, S2
‘ Elset, elset= PickedSurf210_Sl, internal, instance=Bolt-l, genera te
129, 160, 1
‘ Surface, type=ELEMENT, name=_PickedSurf210, internal 
 PickedSurf210_Sl, SI
‘ Elset, elset=_PickedSurf211_S1, internal, instance=Bolt-2, genera te  
129, 160, 1
‘ Surface, type=ELEMENT, name=_PickedSurf211, internal 
 PickedSurf211 _S1, SI
‘ Elset, elset=_PickedSurf212_Sl, internal, instance=Bolt-3, genera te
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129, 160, 1
‘Surface, type=ELEMENT, name=_PickedSurf212, internal 
 PickedSurf212_S1, SI
‘ Elset, elset= PickedSurf213_Sl, internal, instance=Bolt-4, generate
129, 160, 1
‘ Surface, type=ELEMENT, name=_PickedSurf213, internal 
 PickedSurf213_S 1, SI
‘ Elset, elset=_LF-bottoml_Sl, internal, instance=Large-Pipe-l, genera te  
3195, 3212, 1
‘ Surface, type=ELEMENT, name=LF-bottoml 
_LF-bottom 1 _S 1, S1
‘ Elset, elset=_LF-bottom2_Sl, internal, instance=Large-Pipe-l, genera te  
3377, 3392, 1
‘ Surface, type=ELEMENT, name=LF-bottom2 
_LF-bottom2_Sl, SI
‘ Elset, elset=_LF-bottom3_S1, internal, instance=Large-Pipe-l, genera te  
2829, 2845, 1
‘ Surface, type=ELEMENT, name=LF-bottom3 
_LF-bottom3_Sl, SI
‘ Elset, elset=_LF-bottom4_Sl, internal, instance=Large-Pipe-l, genera te  
2811, 2828, 1
‘Surface, type=ELEMENT, name=LF-boffom4 
_LF-bottom4_Sl, SI
‘ Elset, elset=_LF-TOP_S2, internal, instance=Large-Pipe-l 
1853, 1854, 1855, 1856, 1857, 1858, 1859, 1860, 1861, 1862, 1863, 1864, 1877, 1878, 
1879, 1880
3569, 3570, 3571, 3572, 3573, 3574, 3575, 3576, 3577, 3578, 3579, 3580, 3581, 3582, 
3583, 3584
3585, 3586, 3587, 3588, 3589, 3590
‘ Elset, elset=_LF-TOP_Sl, internal, instance=Large-Pipe-l
2197, 2198, 2199, 2200, 2205, 2206, 2207, 2208, 2509, 2510, 2511, 2512
‘ Surface, type=ELEMENT, name=LF-TOP
_LF-TOP_S2, S2
_LF-TOP_Sl, SI
‘ Elset, elset=_Load-Surface_Sl, internal, instance=Small-Pipe-l, genera te  
4161, 4192, 1
‘ Surface, type=ELEMENT, name=Load-Surface 
_Load-Surface_Sl, SI
‘ Elset, elset=_SF-BOTTOM_S6, internal, instance=Small-Pipe-l, genera te  
5961, 6039, 2
‘ Elset, elset=_SF-BOTTOM_S4, internal, instance=Small-Pipe-l, genera te  
5914, 5960, 2
‘ Elset, elset=_SF-BOTTOM_S2, internal, instance=Small-Pipe-l 
5897, 5898, 5899, 5900, 5901, 5902, 5903, 5904, 6075, 6076, 6077, 6078, 6079, 6080, 
6081,6082
6847, 6848, 6849, 6850, 6851, 6852, 6853, 6854, 6855, 6856, 6857, 6858, 6859, 6860, 
6861,6862
6863, 6864, 6865, 6866, 6867, 6868 
‘ Surface, type=ELEMENT, name=SF-BOTTOM 
_SF-BOTTOM_S6, S6
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_SF-BOTTOM_S4, S4 
_SF-BOTTOM_S2, S2
** Pre-Tension Section for Bolt Load: B-l
‘ Pre-tension Section, surface= _PickedSurf210, node=Bolt-l ._B-l_blrn_ 
-0., -0„ -1,
“  Pre-Tension Section for Bolt Load: B-2
‘ Pre-tension Section, surface=_PickedSurf211, node=Bolf-2._B-2_blrn_ 
-0., -0., -1.
“  Pre-Tension Section for Bolt Load: B-3
‘ Pre-tension Section, surface=_PickedSurf212, node=Bolt-3._B-3_blrn_ 
-0 ., -0., -1.
“  Pre-Tension Section for Bolt Load: B-4
‘ Pre-tension Section, surface=_PickedSurf213, node=Bolt-4,_B-4_blrn_
-0 ., -0 ., -1.
‘ End Assembly 
* *




























“  INTERACTION PROPERTIES 
★ *
‘ Surface Interaction, name=lntProp-FI-Bolt
1.,
‘ Friction, rough
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‘ Friction, slip tolerance=0.005
0.,
★ *
** BOUNDARY CONDITIONS 
* ★
** Nam e: BC-2 Type: Symmetry/Antisymmetry/Encastre
‘ Boundary
SYMM-BC, XSYMM




“  INTERACTIONS 
* *
“  Interaction: Int-FI-FI
‘ C o n ta c t Pair, interaction=lntProp-FI-FI, small sliding 
SF-BOTTOM, LF-TOP 
“  Interaction: Int-LFL-Bolt
‘ C o n ta c t Pair, interaction=lntProp-FI-Bolt, small sliding 




“  Interaction: Int-SFL-Bolt





“  STEP: Bolt-Pretension 
* *
‘ Step, name=Bolt-Pretension 
Pretensioning o f Bolts 
‘Static




“  Name: B-l Type: Bolt load 
‘ C load
Bolt-l,_B-l_blrn_, 1, 51000.
“  Name: B-2 Type: Bolt load 
‘ C load
Bolt-2._B-2_blrn_, 1, 51000.
“  Name: B-3 Type: Bolt load 
‘ C load
Bolt-3._B-3_blrn_, 1, 51000.
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“  OUTPUT REQUESTS 
* *
‘ Restart, write, overlay, frequency=l 
‘ NODE PRINT, nset=Bolt-l ._B-l_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-2._B-2_blrn_ 
TFT,
‘ NODE PRINT, nset=Bolt-3._B-3_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-4._B-4_blrn_
TF1,
* *
“  FIELD OUTPUT: F-Output-1
4r 4c
‘ Output, field 
‘ Node O utput 
U,
‘ Element O utput
S,
* *
“  HISTORY OUTPUT: H-Output-1 
*■*
‘ Output, history
‘ Node Output, nset=Bolt-]._B-l_blrn_ 
RF1, CF1, TF1
‘ Node Output, nset=Bolt-2._B-2_blrn_ 
RF1, CF1, TF1
‘ Node Output, nset=Bolt-3._B-3_blrn_ 
RF1, CF1,TF1
‘ Node Output, nset=Bolt-4._B-4_blrn_
RF1, CF1, TFT
*EI Print, freq=999999
‘ Node Print, freq=999999
‘ End Step
“ STEP: C on tac t 
* *
‘ Step, nam e=C ontact 
Adjustment o f Bolt Lengths 
‘Static
1„ 1„ le-05, 1.
*  *
“  BOUNDARY CONDITIONS
4c4c
“  Name: BC-2 Type: Symmetry/Antisymmetry/Encastre 
‘ Boundary, op=NEW 
SYMM-BC, XSYMM
“  Name: BC-LPipe Type: Symmetry/Antisymmetry/Encastre 
‘ Boundary, op=NEW 
LPipe-boundarynodes, ENCASTRE
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** Name: B-l Type: Bolt load
‘ Boundary, op=NEW, fixed
Bolt-1 ._B-l_fc>lrn_, i,  l
“  Name: B-2 Type: Bolt load
‘ Boundary, op=NEW, fixed
Bolt-2._B-2_blrn_, 1, 1
“  Name: B-3 Type: Bolt load
‘ Boundary, op=NEW, fixed
Bolt-3 ,_B-3_blrn_, 1, 1
“  Name: B-4 Type: Bolt load
‘ Boundary, op=NEW, fixed
Bolt-4._B-4_blrn_, 1, 1 
**
“  LOADS 
*  *
“  Name: B-l Type: Bolt load
‘ C load, op=NEW
“  Name: B-2 Type: Bolt load
‘ C load, op=NEW
“  Name: B-3 Type: Bolt load
‘ C load, op=NEW
“  Name: B-4 Type: Bolt load
‘ C load, op=NEW 
* *
“  OUTPUT REQUESTS
‘ Restart, write, overlay, frequency= l 
‘ NODE PRINT, nset=Bolt-l._B-l_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-2._B-2_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-3._B-3_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-4._B-4_blrn_
TF1,
**
“  FIELD OUTPUT: F-Output-2 
*•*
‘ Output, field 
‘ Node O utput 
U,
‘ Element O utput 
S,
*  -k
“  HISTORY OUTPUT: H-Output-1 
**
‘ Output, history
‘ N odeO utput, nset=Bolt-l._B-l_blrn_ 
RF1, CF1, TF1
‘ Node Output, nset=Bolt-2._B-2_blrn_ 
RF1, CF1, TF1
‘ Node Output, nset=Bolt-3._B-3_blrn_
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RF1, CF1, TF1
‘ Node O u tp u t nset=Bolt-4._B-4_blrn_ 
RF1, CF1, TF1 
‘ End Step
“  STEP: Load 
* *
‘ Step, name=Load, nlgeom, inc=48
Applica tion  of Load
‘ Static, riks
0.05, 1., 1 e-05, 1., 1.,
* *
“  LOADS 
**




“  OUTPUT REQUESTS 
*  *
‘ Restart, write, overlay, frequency= l 
‘ NODE PRINT, nset=Bolt-l._B-l_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-2._B-2_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-3._B-3_blrn_ 
TF1,
‘ NODE PRINT, nset=Bolt-4._B-4_blrn_ 
TFT,
*EL PRINT, ELSET=Load-nodes 
LOADS,
“  FIELD OUTPUT: F-Output-3 
**
‘ Output, field 
‘ Node O utput 
U,
‘ Element O utput 
S, EE, LE
“  HISTORY OUTPUT: H-Output-1 
**
‘ Output, history
‘ Node Output, nset=Bolt-l ,_B-l_blrn_ 
RF1, CF1, TF1
‘ Node Output, nset=Bolt-2._B-2_blrn_ 
RF1, CF1, TF1
‘ Node Output, nset=Bolt-3._B-3_blrn_ 
RF1, CF1, TF1
‘ Node Output, nset=Bolt-4._B-4_blrn_ 
RF1, CF1, TF1
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“  HISTORY OUTPUT: H-Output-2 
* ★
‘ E lement Output, elset=Load-nodes 
LOADS,
‘ End Step
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX B
Figure B-1: Parameter f3 graph for use in the computation of the number of bolts (n) 
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